AD- A 188  070 


/ 


&  i*3 


OR  '99406  /$j 

TR  86069^ 

■ICAf  *ocN* 


ant-BLL  CUEJ 


ROYAL  AIRCRAFT  ESTABLISHMENT 


Technical  Report  86059 
June  1985 


A  COMPARISON  OF  THE  FATIGUE 
PERFORMANCE  OF  WOVEN  AND 
NON-WOVEN  CFRP  LAMINATES 


by 


P,  T.  Curtis 
6.  B.  Moore 


DTIC 

SELECTEIfc 

JAN  1  519881  I 

U 


PrtmwfQttmnt  Executive,  Ministry  of  Defence 
F*., thorough,  Hente 


;  jypwWd  fo*  pobBe  iriiaw 
PtwrUagUop  PaBnlWd 


}  ", 
W  *  S  - 


87  12 


29 


02  1 


UDC  621-419  s  661.66-426  t  678.0/, 6  t  539.431 


ROYAL  AIRCRAFT  ESTABLISHMENT 

Technical  Report  85059 
Received  for  printing  20  June  1985 


A  COMPARISON  OF  THE  FATIGUE  PERFORMANCE  OF  WOVEN 
AND  NON -WOVEN  CFRP  LAMINATES 


P.  T.  Curtis 
B .  B  Moore 


SUMMARY 

Static  and  fatigue  tests  were  carried  out  at  room  temperature  on 
CFRP  laminates  with  five  lay-ups,  of  both  woven  and  non-woven  CFRP.  S-N 
diagrams  were  produced  for  Doth  zero-tension  and  reversed  axial  loading. 
Damage  development  was  monitored  by  optical  microscopy,  ultrasonic 
C-scanning,  video  recording  and  infra-red  thermography. 

Carbon  fibre  reinforced  plastics  made  with  woven  fabric  rather  than 
non-woven  material,  had  significantly  poorer  static  and  fatigue  perfor¬ 
mance  than  non-woven  material,  due  to  distortion  of  the  load  carrying 
0°  fibres.  When  woven  fabric  was  oriented  at  45°  to  the  load_ direction 
the  tensile  static  and  fatigue  performance  was  slightly  t  iter  than  in 
non-woven  i45®  material.  Replacing  the  ±45°  layers  of  a  (+45,0)  laminate 
with  woven  fabric  had  little  effect  on  the  static  or  fatigue  strength. 

In  non-woven  material,  notched  coupons  under  fatigue  loading  did  not_ 
show  the  notch  sensitivity  that  was  so  significant  under  static  loading.  'JF 
However  in  woven  material,  because  of  the  additional  fatigue  degradation 
processes  associated  with  tow  crossover  points  in' the  weave,  holed  coupons 
never  quite  achieved  notch  insensitivity  in  fatigue.  --uuon.. 
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1  INTRODUCTION 

Increasing  uh  It  being  ntdt  of  carbon  fibra  reinforced  plastics  (CFRP)  in  the 
aerospace  industry  becausa  of  their  combination  of  high  stiffness  and  high  strength  with 
low  density  and  potentially  low  unit  cost.  In  addition,  the  fatigue  performance  of  CFRP 
has  been  shown  to  be  very  good,  being  superior  to  Liny  other  materials  including  metals1. 

At  present,  most  carbon  fibra  reinforced  epoxy  resin  laminates  are  made  from  non- 

woven  unidirectional  pre-impregnated  sheets.  This  material  it  v ..ginning  to  find  extensive 

use  in  military  aerospace  applications,  initially  in  class  2  structures  but  more  recently 
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in  class  I  structures  as  in  the  McDonnell  Douglas  AV8B  and  F-18  aircraft  '  . 

Recently,  good  quality  woven  carbon  fibre  cloth  has  been  obtainable  and  prepreg 
manufacturers  are  now  able  to  supply  woven  carbon  fibre  prepregs.  Many  types  of  weave 
are  available  such  as,  plain,  twill  and  satin,  but  work  on  GRP  and  early  work  with  woven 

4 

CFRP  has  shown  that  weaves  with  lets  fibre  distortion,  such  as  satin  weaves  (in 
particular  five  or  eight  shaft  satin  weaves  for  CFRP),  result  in  smaller  reductions  in 
mechanical  properties. 

The  main  reasons  for  the  use  of  woven  fabric  are  the  ease  of  handling  which  lends 
itself  to  automation  and  consequent  reductions  in  labour,  the  ability  of  fabric  to 
conform  to  complex  shapes  and  the  fabric  has  more  isotropic  in-plane  properties  compared 
with  unidirectional  material.  In  addition,  woven  CFRP  can  result  in  better  containment 
of  impact  damage  and  improved  residual  properties  after  impact  compared  with  non-woven 
material5*^. 

At  present  there  is  a  significant  gap  in  our  knowledge  of  the  behaviour  of 
composites  made  with  carbon  fibre  fabric,  particularly  compared  with  non-woven  material. 

I.i  this  Report  the  findings  of  a  progransne  comparing  the  fatigue  response  of  laminates 
fabricated  from  woven  and  non-woven  CFRP  are  presented.  Since  previous  work  had  shown 
that  laminates  with  only  the  ±45°  layers  replaced  by  woven  fabric  showed  superior  impact 
performance  to  non-woven  laminates^’®,  these  were  also  included  for  study  in  this  programme 
of  work.  The  full  S-N  behaviour  of  five  lay-ups  has  been  characterised,  in  both  tensile 
and  reverted  axial  loading  in  the  plain  and  notched  conditions,  and  damage  development 
studied  using  optical  microscopy,  ultrssonic  C-scanning  and  infra-red  thermography. 

2  EXPERIMENTAL  DETAILS 

Laminates  were  moulded  from  both  woven  and  non-woven  pre-impregnated  sheets  of  high 
strength  Toray  T300  carbon  fibres  in  Ciba-Geigy  BSL914C  epoxy  resin.  The  carbon  fibre 
fabric  was  a  balanced  five  shaft  satin  weave,  woven  with  3000  filament  tows  of  the  same 
fibre  type  used  in  the  non-voven  material,  but  including  a  fine  tracer  tow  of  Kevlar 
49  fibres  every  SO  im.  In  this  weave  about  SOX  of  the  fibres  in  one  direction  lie  on  one 
side  of  the  cloth  and  correspondingly  about  80X  of  the  fibres  lie  at  right  angles  on  the 
other  side  of  the  cloth.  Since  one  prepreg  sheet  of  woven  material  was  approximately 
tv.ee  as  thick  (0.267  asn)  as  a  ply  of  non-woven  material  (0.125  mm),  each  sheet  of  cloth 
was  thus  similar  to  two  plies  of  non-woven  unidirectional  prepreg  stacked  at  90°  to  each 
other  as  in  a  (0,90)  or  (f45)  lay-up. 


/ 


4 


Symmetrical  woven  and  non-vo van  laminates  with  equivalent.  stacking  sequences  were 
Bade  up,  each  approximately  I  an  thick,  with  five  types  of  lay-up  as  listed  below. 

A  {0,90,90,0)i 
B  {±43,*45}# 

C  {±45,0,90)# 

D  i0,90,±45)t 
E  {±43,02}g 

The  woven  prepreg  was  stacked  so  that  tha  dominant  fibre  direction  on  each  face  of  the 
cloth  corresponded  with  the  appropriate  direction  in  the  non-woven  stacking  sequence.  In 
(0,90,145)  laminates  with  SOX  0,90  l'yers  and  50Z  145  layers  the  stacking  sequence  was 
varied  so  that  either  the  145°  layers  or  the  0,90  layers  ware  on  the  laminate  surface. 

In  addition,  (145,0)  laminates  (lay-up  E)  wera  made  from  both  non-woven  material  and  from 
a  mixture  of  woven  and  non-woven  plies;  the  0  layers  were  of  non-woven  material  and  the 
145°  layer*  were  of  woven  material. 

The  laminates  were  cured  in  an  autoclave  to  1?0°C  and  postcured  for  4  hour*  at 
I90°C.  The  quality  of  the  laminates  was  checked  using  ultrasonic  C-scanning  equipment. 

All  .he  laminates  with  woven  carbon  fibre  fabric  were  12-1 7X  thicker  than  the  equivalent 
non-woven  laminates.  Approximately  10Z  of  this  difference  in  thickness  was  due  to  the 
lower  volume  fraction  of  the  woven  carbon  fibre  laminates  and  the  remainder  was  due  te 
the  fabric  containing  more  fibre  by  weight  than  two  non-woven  plies.  .  The  laminates  were 
stored  in  a  controlled  environment  at  23°C  and  65Z  relative  humidity  for  at  least  3  months 
prior  to  testing.  The  moisture  content  after  this  time  was  approximately  1Z. 

Tests  were  carried  out  on  coupons  250  ntn  long,  with  the  warp  fibres  (along  the  length 
of  the  fabric)  parallel  to  the  0  load  direction  in  the  0,90  woven  layers  (previous  work 
had  shown  no  significant  difference  between  warp  and  weft  properties5).  Coupons  250  nra 
long  and  20  us  wide  were  cut  from  t’  laminates,  except  for  lay-up  B  (145)  for  which 
coupons  40  mi  wide  were  used  to  obtain  sufficient  loads  to  preserve  fatigue  machine 
controllability.  Notched  coupons  each  contained  a  central  4mm  diameter  hole.  Etched 
aluminium  alloy  end  plates  were  bonded  to  the  abraded  ends  of  all  coupons  using  a  two 
part  epoxy  based  adhesive  cured  at  rc^m  temperature. 

Static  costs  and  constant  amplitude  fatigue  tests  were  performed  using  servo- 
hydraulic  fatigue  SMChines,  in  both  sero-tension  (P  ±  P)  and  reversed  axial  (0  ±  P)  loading 
(except  for  lay-up  B  which  was  tested  in  tensile  loading  only).  Static  tests  were 
performed  in  position  control  at  a  ram  speed  of  between  1.5  mm/min  and  2.5  sm/min  and 
fatigue  tests  in  load  control  at  frequencies  of  b* tween  5  and  20  (it  depending  on  the 
sensitivity  of  the  lay-up  to  hysteresis  heating.  Ultrasonic  C-scan  and  optical  microscopy 
were  used  to  study  the  development  of  damage  during  fatigue  loading.  The  compression 
testing  was  carried  out  on  relatively  long  coupons  supported  with  an  anti-buckling  guide 
wnich  provided  continuous  adge  restraint  (Fig  1).  Previous  vork^  had  shown  that  this 
particular  anti-buckling  guide  provided  effective  restraint  against  gross  buckling  and  did 
not  Induce  uncharacteristic  failures  due  to  stress  concentrations  associated  vith  the 
guides. 
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The  development  of  damage  in  of  thoto  specimens  during  f  at  i  gue  loading  via 
studied  ualng  ultrasonic  C-acanning  and  optical  microscopy.  Sow  coupona  had  thair  adgaa 
poliahad  for  examination  by  optical  microscopy.  Taata  vara  than  parforwd  at  tha  fatigue 
atraaa  level  that  gave  a  wan  llfetiw  of  100000  cycles,  and  vara  a  topped  after  I000t 
10000  and  50000  cyclea  fot  aaaeaawnt  of  the  damage  atate  of  the  coupona.  Dawge  develop¬ 
ment  during  the  taata  vaa  alao  atudiad  uaing  an  optical  video  cawra  and  an  infra-red 
thermography  aye ten. 

3  jgSULTS 
3-1  Static  taata 

Tha  results  of  the  atatic  taata  on  all  lay-upa,  for  tenaile  and  coaipreaaive  loadin. 
of  both  plain  and  hole!  coupona,  woven  and  non-voven,  are  given  in  Tablea  I  to  5.  In  all 
lay-upa  the  plain  coupona,  both  woven  and  non-woven,  failed  at  random  along  their  lengths, 
but  holed  coupona  all  failed  through  the  holea.  No  visible  damage  was  observed  before 
failure  except  in  the  tensile  testa  on  lay-up  b  where  both  woven  and  non-woven  coupons 
developed  necked  regions  in  r.he  gauge  length  at  approximately  7  OX  of  their  failure  load. 

3. 2  Zero-tension  fatig.ie  testa 

3.2.1  Lay-up  A  {0,90.90,0)a 

Results  of  the  fatigue  tests  are  given  in  Table  6  and  also  as  a  plot  of  peak  stress 
versus  log-life  (S-N  plot)  in  Fig  2.  Stresses  are  plotted  on  a  net  area  basis,  as  they 
are  throughout  this  Report.  Coupons  failed  at  random  positions  along  their  lengths, 
except  for  the  holed  coupons  which  all  tsiled  through  the  holes.  Plain  non-woven  coupons 
developed  extensive  longitudinal  splits  av  their  edges  in  the  0°  plies.  This  became  more 
extensive  with  increasing  numbers  of  cycles.  Holed  non-woven  coupons  also  showed  evidence 
of  longitudinal  splitting  of  the  surface  plius  at  a  tangent  to  the  hole  edges.  Although 
sow  longitudinal  splitting  was  also  observed  at  the  edges  of  the  woven  coupons,  it  was 
f  or  less  extensive  and  never  developed  to  the  same  degree  as  in  the  non-woven  coupons. 

Optical  microscopy  of  plain  coupons  revealed  longitudinal  edge  cracks  along  the 
edges  of  the  non-woven  coupona  after  1000  cycles  at  the  stress  level  that  gave  a  mean 
life  of  100000  cycles,  but  no  similar  damage  was  observed  in  the  woven  coupons.  Both 
woven  snd  non-woven  coupons  developed  extensive  transverse  cracks  across  the  90°  layers 
early  in  the  tests  and  these  tended  to  initiate  delami nation  after  large  numbers  of 
fatigue  cycles.  Delamination  was  more  noticeable  in  tha  non-woven  material.  In  the 
woven  coupons  there  was  frequently  evidence  of  the  90°  surface  tows  in  the  outer  0,90 
layers  splitting  away  in  places  from  the  0°  tows. 

A  few  coupons  from  each  batch  were  ultrasonically  C-s.anned  after  1000,  10000  and 
50000  cycles  at  the  stress  level  that  gave  a  mean  fatigue  /ive  of  100000  cycles,  and 
thereafter  at  intervals  of  50000  cycles  until  failure.  These  revealed  an  overall  lighten¬ 
ing  of  the  traces  with  increasing  numbers  of  fatigue  cycles,  for  both  woven  and  non-woven 
coupons,  although  the  effect  was  more  marked  in  the  woven  coupons  (Figs  3  and  A)  in  which 
light  areas  developed  at  the  tow  crossover  points  in  the  weave.  After  50000  cycles,  woven 
coupons  were  frequently  white  when  scanned  relative  to  the  same  initial  panel  attenuation 
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indicating  tha  attenuation  of  the  ultraaonic  aignal  had  incraaaad  by  aora  than  3  !B 
throughout  tha  coupon.  C-acana  of  tha  holed  non-voven  coupon*  ahowad  evidence  of  damage 
development  around  the  hole*,  becoming  quite  eaten* ive  after  large  number*  of  cycle* , 
spreading  up  to  half  the  length  of  the  coupon!  (Fig  3).  The  holed  woven  coupon*  behaved 
similarly,  except  that  the  damage  waa  lea*  extensive  (Fig  6). 

3.2.2  LayupB  (i4!,?d3)( 

Results  of  the  fatigue  tests  on  lay-up  B  are  given  in  Table  7  and  also  a*  a  plot  of 
peak  stress  versus  log-life  (S-N  plot)  in  Fig  7.  It  la  clear  that  in  these  S-N  curves 
the  percentage  lose  of  static  strength  with  increasing  fatigue  lifetime  waa  greater  than 
in  the  0,90  laminates.  All  four  curves  were  similar,  except  that  the  woven  ±45°  material, 
both  plain  and  holed,  ga**  longer  lifetimes  at  tha  lower  fatigue  stresses,  all  holed 
coupons  failed  through  t.he  holes,  but  plain  non-voven  coupons  showed  a  tendency  to  fail 
2  cm  to  3  cm  fror.  either  end,  although  several  failures  did  occur  away  from  the  ends. 
Failure  occurred  in  the  non-wovan  coupons  by  cracking  at  +45°  and  -43°,  both  along  and 
across  fibres,  with  considerable  edge  cracking  and  dalamination.  Failures  were  contained, 
spreading  only  a  few  centimetres  along  the  gauge  lengths.  Woven  coupons  failed  cle.inly 
at  +45°,  with  -45°  fibres  failing  along  the  +43°  fracture  line.  Failures  were  even  more 
contained  than  in  the  non-woven  material,  there  being  no  visible  evidence  of  damage  away 
from  the  fracture  line. 

Optical  microscopy  of  plain  coupon  ed^es  during  testing  at  the  stress  level  that 
gave  a  mean  life  of  100000  cycles  revealed  edge  de lamination  cracking  in  non-woven 
coupons  after  1000  cycles  as  well  as  translaminar  cracking  (Fig  8).  This  became  more 
extensive  after  ’0000  and  50000  cycles,  with  delamination  being  particularly  noticeable 
(Fig  8),  failure  occurring  by  tha  linking  of  delamination  and  translaminar  cracks.  All 
'oven  coupons,  in  particular  the  ±43°  coupons,  showed  poor  fibre  distribution  compared 
with  non-woven  material.  Fibres  were  packed  closely  together  in  the  tows  with  large  resin 
rich  regions  between.  After  1000  cycles  of  fatigue  loading,  cracks  had  developed  around 
several  of  the  fibre  tows,  these  becoming  more  extensive  by  10000  and  30000  cycles  with 
the  development  cf  translaminar  crack*  (r'ig  9).  There  was  no  extensive  delamination 
spanning  long  sections  of  the  gauge  length  as  in  the  non-voven  material.  Failure  occurred 
by  the  linking  of  translaminar  cracks  and  cracks  around  fibre  tows. 

Ultrasonic  C-scanning  of  coupons  tested  at  the  stress  level  that  gave  a  mean  life 
of  100000  cycles  revualed  the  development  of  damage  tones  close  to  the  grips  in  the  plain 
non-woven  coupons  (Fig  10).  Failure  frequently  occurred  at  one  of  these  sites.  The  effect 
was  not  observed  in  the  holed  non-woven  coupons,  which  showed  instead  the  development  of 
a  damage  tone  around  the  holes  (Fig  11)  leading  to  subsequent  failure  through  the  holes. 
There  was  no  overall  lightening  of  the  C-scans  with  increasing  numbers  of  cycles  as 
observed  in  the  (0,90)  coupons.  The  woven  coupons  did,  however,  exhibit  a  noticeable 
lightening  of  the  C-scans  with  increasing  numbers  of  cycles  (Fig.  12).  As  in  the  plain 
non-woven  coupons  there  was  evidence  of  the  development  of  damage  tones  close  to  the  ends, 
but  damage  also  developed  more  generally,  particularly  at  +45°  and  -45°  to  the  coupon 
axia,  and  failure  occurred  away  from  the  ends.  The  holed  woven  coupons  also  showed  an 
overall  lightening  of  the  C-scans  with  increasing  numbers  of  cycles,  as  well  a*  a 
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lightening  eloae  to  tha  ciupon  anda  (Pig  13).  DaMga  was  alao  observed  around  the  holes, 
thia  taking  tha  for*  of  a  eroaa  ahapa  at  145°,  failure  than  occurring  along  one  of  tha 
arms  of  tha  eroaa  (Fig  13). 

3.2.3  Lay-up  C  (145,0,90)^ 

Result*  of  tha  fatigue  taata  are  given  in  Table  8  and  alao  aa  a  plot  of  peak  act 
atraaa  varaua  log-lifa  (S-N  plot)  in  Fig  14,  Plain  coupona  all  failed  at  random  positions 
along  their  langtha  but  holed  coupona  all  failed  through  tha  hulaa.  Longitudinal  edge 
cracking  vac  viaibla  in  cone  coupona,  mainly  in  the  plain  non-voven  coupons.  Woven 
coupona  did  develop  edge  cracks  but  at  greater  lifetimes  than  the  non-wov*n  coupona. 

Optical  microscopy  of  plain  non-vovan  coupons  revealed  transverse  90''  layer  cracks 
initiated  early  in  the  teat,  probably  during  the  first  fav  loading  cycles.  These  initiated 
edge  cracking  batvaen  the  0  and  90°  layers  at  larger  numbers  of  cyclic  (Fig  15).  Determi¬ 
nation  between  the  145  layers  was  alao  observed  at  short  lifetimes,  cracking  across  the 
45°  layers  occurring  at  greater  numbers  of  cycles. 

Optical  microscopy  of  the  woven  coupons  revealed  slightly  different  behaviour 
(Fig  16),  Transverse  cracks  formed  across  individual  90°  tows  early  in  the  tests  followed 
by  edge  cracks  in  the  90°  tows  and  at  0/90  interfaces.  In  addition,  because  of  the  woven 
nature  of  the  plies,  the  90°  tews  were  often  adjacent  to  the  ±45°  layers  and  edge  cracking 
was  also  obser.ed  at  these  interfaces.  Cracking  was  especially  apparent  in  the  resin  rich 
regions  between  the  woven  tows.  Close  to  failure,  fractured  0°  fibres  or  tows  were  also 
observed. 

Ultrasonic  C-scanning  of  non-woven  coupons  tested  at  the  stress  level  corresponding 
to  failure  after  IC0000  cycles  revealed  light  linej  across  the  coupons  after  1000  cycles, 
probably  caused  by  short  lengths  of  delamination  at  the  ends  of  transverse  cracks  (Fig  17). 
At  increased  numbers  of  cycles  a  lightening  of  the  edges  waa  observed  which  spread  acruss 
tha  coupon  width  towards  the  middle.  Holed  coupons  showed  less  edge  whitening  and  no 
transverse  lightening,  but  did  exhibit  lightening  around  the  holes  (Fig  18).  This  eventu¬ 
ally  linked  up  with  the  edge  lightening  and  commenced  spreading  longitudinally  along  the 
coupona. 

Ultrasonic  C-acanning  of  plain  woven  coupons  revealed  an  overall  lightening  with 
increasing  numbers  of  cycles  and  the  gradual  development  of  lighter  spots  at  the  tow 
crossover  points  in  the  weave  (Fig  19).  These  frequently  linked  up  io  form  bands,  but 
failure  never  occurred  along  these  bands.  A  faw  transvarae  li^ht  lines  were  observed  as 
in  the  non-woven  material,  as  veil  as  edge  lightening,  although  thia  waa  not  as  extensive 
as  in  the  non-woven  material.  Holed  woven  coupons  also  exhibited  some  edge  lightening 
(rig  20)  and  there  was  evidence  of  'he  development  of  light  spots  but  less  obvious  than 
in  the  plain  woven  coupons.  Light  areas  developed  around  the  holes  and,  as  in  the  non- 
woven  coupons,  eventually  linked  up  with  the  edge  lightening. 

3.2.4  Lay-up  D  (0,90, *45) 

s 

Results  of  the  fatigue  teats  are  given  in  Table  9  and  also  as  a  plot  of  peak  net 
•tress  versus  log-life  (S-N  plot)  in  Fig  21.  Plain  coupons  all  failed  at  random  poaitions 
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along  ;hair  lengths  but  holed  coupon*  all  (ailed  through  the  hole*.  Longitudinal  edge 
cracking  wae  let*  obvious  than  in  coupon*  with  ley-up  C.  No  other  damage  we*  viaible 
during  tetting. 

Optical  microscopy  of  plain  non-voven  coupon*  revealed  tranaverae  90°  layer  cracks, 
probably  initiated  during  the  first  few  loading  cycles,  which  generated  edge  cracks  in 
the  90°  layer*  at  higher  numbers  of  cycles  (Fig  22),  but  these  were  less  extensive  than 
in  lay-up  C.  Delandnation  between  the  ±45°  layers  was  also  observed,  after  approxiaetely 
10000  cycles,  followed  by  extensive  cracking  across  the  *5°  layers  and  0/90  and  90/15 
delamination  at  greater  numbers  of  cycles. 

Optical  microscopy  of  the  woven  coupons  revealed  slightly  different  behaviour 
(Fig  23).  Transverse  cracks  formed  across  individual  90°  tows  early  in  the  test*  as  well 
as  0/90  delamination  between  individual  tows.  Limited  edge  cracks  developed  in  the  90° 
tows  and  at  0/90  interfaces.  After  50000  cycles  delamination  was  visible  between  +45° 
and  -45°  tows  and  damage  in  the  90°  plies  became  quite  extensive,  expecially  in  resin 
rich  regions  between  the  tows.  Damage  in  tha  45°  plies  appeared  to  be  lets  extensive 
than  in  the  non-woven  coupons. 

Ultrasonic  C-scanning  of  non-woven  cuupons  tested  at  tha  stress  level  corresponding 
to  failure  after  100000  cycles  revealed  no  transverse  lightening  as  seen  in  coupons  from 
lay-up  C.  After  10000  cycler  some  edge  lightening  was  observed  (Fig  24)  followed  by 
lightening  at  45°  across  the  coupons  but  by  100000  cycles  a  more  general  lightening  of 
the  coupons  was  observed  and  close  to  the  edge  the  lightening  had  extended  almost  across 
the  full  coupon  widths  in  places.  Holed  coupons  exhibited  some  edge  lightening  after 
large  numbers  of  cycles  but  no  transverse  lightening,  although  they  did  exhibit  lightening 
around  the  holes  (Fig  25).  This  eventually  linked  up  with  the  edge  lightening  and 
commenced  spreading  longitudinally  along  the  coupons. 

Ultrasonic  C-scanning  of  plain  woven  coupons  revealed  an  overall  lightening  with 
increasing  numbers  of  cycles  and  the  gradual  development  of  lighter  spots  along  the  line 
of  intersection  of  woven  tows  (Fig  26),  as  in  coupons  from  lay-up  C,  but  no  transverse 
light  lines.  Edge  lightening  was  apparent,  but  this  was  vary  lim'ted  and  never  extended 
more  than  1-2  am  from  the  coupon  edges.  Holed  coupons  showed  more  interesting  behaviour 
with  some  edge  lightening  developing  after  50000  cycles  (Fig  27)  together  with  evidence 
of  light  spots,  albeit  less  obvious  than  in  the  plain  woven  coupons.  The  light  areas  that 
developed  around  tne  holes,  as  in  the  non-woven  coupons,  eventually  linked  up  with  the 
edge  lightening  and  spread  longitudinally  along  the  coupon  edges  but  not  above  or  below 
tha  hole.  At  large  numbers  of  cycles  some  intense  whit*  spots  formed  away  from  the  hole 
area. 

t 

3.2.5  Lay-up  E  {±43,02}g 

Results  of  the  tensile  fatigue  tests  are  given  in  Table  10  and  presented  as  S-N 
curves  in  Fig  28.  All  plain  coupons  failed  at  random  positions  along  their  lengths  and 
holed  r.on-woven  coupon*  also  failed  away  from  the  holes.  Holed  woven  coupons  failed 
through  the  holes  at  short  lifetimes  but  those  coupons  surviving  to  long  lifetimes  failed 
away  from  tne  holes.  Both  woven  and  non-woven  coupons  showed  evidence  ci  edge  splitting 
and  delamination  at  long  lifetimes. 
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Optical  Microscopy  of  plain  wo van  and  non-woven  coupons  revealed  1*5°  delamination 
and  tranalaainar  cracking  aftar  only  1000  cyclaa  (Fig  29).  This  became  nora  extensive 
aftwr  10000  and  i00000  cyclaa  (Figs  29  and  30).  Abovv  100000  cyclaa  there  was  evidence 
of  fibre  demage  in  tha  0°  fibraa  (Fig  30). 

Ultraaotiie  C-acenning  of  plain  non-woven  coupons  ravaalad  littla  apart  from  a  alight 
lightening  after  1000  cycles  and  sons  evidence  of  damage  growth  around  tha  coupon  ends 
aftar  large  numbers  of  cycles  (Fig  31).  Holtd  non -wo van  coupons  ravaalad  damage  around 
tha  holes  aftar  10000  cyclaa  (Fig  32)  which  grew  longitudinally  to  a  distance  of  several 
hole  diameters  aftar  one  million  cycles.  Eventually  tha  damage  reached  tha  coupon  ends 
and  had  also  grown  across  the  coupon  width  (Fig  32). 

Ultrasonic  C-scanning  of  plain  woven  coupons  revealed  only  the  gradual  lightening 
and  developsmnt  of  light  spots  with  increasing  numbers  of  fatigue  load  cycles  observed  in 
the  other  woven  laminates  (Fig  33).  The  holed  woven  coupons  exhibited  a  similar  effect 
to  that  observed  in  the  non-woven  coupons.  Damage  was  observed  around  the  hole  after  only 
1000  cycles  and  grew  longitudinally  to  a  distance  of  several  hole  diameters  after  100000 
cycles  (Fig  34).  The  damage  did  not  extend  quite  as  far  as  the  grips  but  did  grow  across 
the  coupon  width. 

3.3  Reversed  axial  fatigue 

3.3.1  Lay-up  A  (0,90,90,0^ 

Results  of  the  fatigue  teats  are  given  in  Table  II  and  also  as  a  plot  of  stress 
amplitude  versus  log-life  (S-N  plot)  in  Fig  35.  Stresses  are  plotted  on  a  net  area  basis, 
as  they  are  throughout  this  Report.  All  coupons  failed  at  random  positions  along  their 
lengths,  except  for  the  holed  coupons  which  all  failed  through  the  holes.  Plain  non-woven 
coupons  developed  longitudinal  splits  at  their  edges  in  the  0°  plies.  This  became  more 
extensive  with  increasing  numbers  of  cycles.  Some  longitudinal  splitting  was  also  observed 
at  the  edges  of  the  woven  coupons,  but  it  was  far  less  extensive  end  never  developed  to  the 
same  degree  as  in  the  non-woven  coupons. 

Optical  microscopy  of  plain  coupons  revealed  longitudinal  interlaminar  cracks  along 
the  edges  of  the  non-woven  coupons  even  before  testing  (Fig  36)  and  these  became  more 
pronounced  after  1000  load  cycles.  Similar,  but  less  extensive  damage  was  observed  in  the 
wcven  coupons  after  1000  cycles  (Fig  37).  Both  woven  and  non-woven  coupons  developed 
transverse  cracks  across  the  90°  layers  after  loading.  After  10000  cycles  0/90  drlamination 
was  observed  in  the  non-woven  coupons  (Fig  36)  and  fibre  damage  in  the  0°  plies.  Woven 
coupons  also  exhibited  0/90  delamination  after  large  numbers  of  load  cycles,  but  this  was 
s»re  localised  than  in  the  non-woven  coupons  being  confined  to  individual  tows  of  fibres 
by  the  woven  nature  of  the  material.  Longitudinal  splitting  of  the  0°  edge  fibres  vas 
also  apparent  in  both  woven  and  non-woven  coupons  (Figs  36  and  37). 

A  few  coupons  from  each  batch  were  ultrasonically  C-seanned  fter  1000,  10000  and 
50000  cycles  at  the  streas  level  that  gave  a  mean  fatigue  life  of  100000  cycles,  and 
thereafter  at  intervals  of  50000  cycles  until  failure.  Scans  of  the  nc  -woven  coupons 
became  generally  lighter  with  increasing  numbers  of  fatigue  cycles.  Li,.it  lines  developed 
across  the  scant  after  10000  cycles,  these  spreading  longitudinally  at  long  lifetimes  to 
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give  •  (iMnl  lightening  along  tha  centra  of  the  coupon  width,  lone  United  edge  light¬ 
ening  waa  alao  apparent  (fig  30).  far  woven  coupon*  a  alight  lightening  of  the  tracee 
for  woven  coupon*  with  increaaing  whore  of  fatigue  eye  lea  woe  ohaerwod  (fig  W).  tone 
edge  lightening  woe  observed  at  large  whir*  of  oyclaa  and  alao  light  linea  acroaa  the 
acana.  Coupon*  aonatinae  failed  acroas  on*  of  thaaa  linea.  C-acana  of  the  holed  woven 
coupon*  a  bowed  evidence  of  d  noage  dovelopnant  around  tha  holae,  spreading  two  to  three 
diameter*  diatoot  after  large  where  of  cycle*  (fig  40). 

3.3.2  Lay-up  C  (145,0,90)# 

Reaulta  of  the  tenaion-ccnpreaeion  fatigue  teat*  are  given  in  Table  12  and  alao  aa 
a  plot  of  atreaa  amplitude  veraua  log-life  (S-H  plot)  in  fig  41.  Plain  coupon*  all  failed 
at  ranitaa  poaitiona  along  their  length*  but  holed  coupon*  ell  failed  through  tho  hole*. 
Longitudinal  odg*  cracking  wee  visible,  mainly  in  the  plain  non-woven  coupon*,  although 
woven  coupons  did  develop  edge  crock*  but  at  greater  lifetime  then  the  non-woven  coupon*. 

Optical  nicroecopy  of  plain  non-woven  coupon*  revealed  com  damage  in  unteatod 
coupon*,  minly  within  the  outer  ±4S°  pliea.  Omega  in  the  ±45°  layare  becu*  quit* 
extenaiv*  by  1000  cyclea  leading  to  4S/0  delamination  (fig  42).  Some  transverse  layer 
cracks  initiated  early  in  the  teat,  probably  during  the  first  few  loading  cyclea,  and  then 
precipitated  edge  era-king  between  the  0°  and  90°  layer*  at  higher  numbers  of  cycle* 

(Fig  42).  he lamination  between  tha  43/G  layer*  became  very  pronounced  at  large  numbers 
of  cycles. 

Optical  microscopy  of  the  woven  coupons  revealed  slightly  different  behaviour 
(Fig  43).  Some  cracking  in  the  outer  43°  plies  waa  observed  before  testing.  0/90 
delamination  became  quite  extensive  at  large  numbers  of  cycles.  Transverse  cracke  formed 
across  individual  90°  tows  early  in  the  teat*.  Cracking  waa  eepccially  apparent  in  the 
resin  rich  regions  between  the  woven  tews. 

Ultrasonic  C-ecanning  of  non-woven  coupons  tested  at  the  stress  level  corresponding 
to  failure  after  10000  cycles  revealed  light  lines  across  the  coupon*  after  1000  cycle* 
and  even  a  few  before  testing,  probably  caused  by  short  length*  of  delamination  at  the 
ends  of  transverse  cracks  (Fig  44),  At  increased  numbers  of  cyr'et  a  lightening  of  the 
edges  va*  observed  which  spread  ecroas  the  coupon  width  toward*  the  middle.  Holed  coupon* 
showed  less  edge  whitening  and  no  transverse  lightening,  but  did  exhibit  lightening  around 
the  holes  (Fig  4$).  This  eventually  linked  up  with  the  edge  lightening  and  spread  longi¬ 
tudinally  along  the  coupon*. 

Ultrasonic  C-scanning  of  plain  woven  coupon*  revealed  an  overall  lightening  with 
increaeing  number*  of  cyclea  and  the  gradual  davelopmnt  of  lighter  epot*  at  the  tow 
croeaovar  point*  of  the  wee''*  (Fig  46).  Thee*  frequently  linked  up  to  form  bands,  but 
failure  never  occurred  along  thee*  bands.  A  few  transverie  light  lines  were  observed  a* 
in  the  nou-wove:i  material  aa  well  a*  edge  lightening,  although  thia  wee  not  a*  extensive 
a*  in  the  non-woven  material.  Holed  woven  coupon*  eleo  exhibited  tem  edge  lightening 
(Fig  47)  end  there  wee  evidence  of  the  development  of  light  spots  but  lee*  obvious  than 
in  the  woven  plcin  coupons.  Light  area*  eleo  developed  around  the  holes  and,  a*  in  the 
non-woven  coupons,  eventually  linked  up  vith  the  edge  lightening. 
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3.3.3  Lay-up  D  (0,90,*43)# 

Naeulta  of  tin  fatigue  taata  am  given  in  Tablt  13  and  alao  aa  a  plot  of  nat  strata 
amplitude  venue  lafUfa  (l-N  plot)  in  Fig  41.  Plain  coupons  all  failed  at  randan 
positions  along  their  lengths  but  holad  coupons  all  failed  through  tha  holes.  No  dosage 
uai  vicibla  in  the  plain  cot^oea  prior  to  failure  but  holad  coupons,  both  woven  and  non- 
woven,  developed  abort  longitudinal  cracks  at  tangents  to  the  edges  of  the  holes.  These 
were  nett  prominent  in  coupons  surviving  to  long  lifetimes. 

Optical  microscopy  of  plain  n on-woven  coupons  revealed  some  damage  in  the  90°  plies 
before  testing.  Transvsrse  90°  layer  crau-a  were  initiated  early  in  the  test,  probably 
during  the  first  few  loading  cycles.  These  precipitated  90/43  delamination  at  larger 
numbers  of  cycles  (Fig  49).  Delamination  between  the  143°  layers  was  also  observed,  after 
approximately  10000  cycles,  followed  by  extensive  cracking  across  the  45°  layers. 

Optical  microscopy  of  the  woven  coupons  also  revealed  some  damage  in  the  surface 
90°  tows  before  testing  (Fig  30).  Transverse  cracks  formed  across  individual  90°  tows 
early  in  the  testa  as  well  as  limited  edge  cracks  in  the  90°  tows  and  at  0/90  interfaces. 
After  30000  cycles  delamination  was  visible  between  +45°  and  -45°  tows  and  damage  in  the 
90°  plies  became  quite  extensive,  especially  in  resin  rich  regions  between  the  tows. 

Damage  in  the  43°  plies  appeared  to  be  less  extensive  than  in  the  non-woven  coupons. 

Close  to  failure  the  0°  plies  developed  longitudinal  cracks  and  fibre  damage  was  visible 
(Fig  50). 

Ultrasonic  C-scanning  of  non-woven  coupons  tasted  at  the  stress  level  corresponding 
to  failure  after  100000  cycles  revealed  no  transverse  lightening  as  seen  in  coupons  from 
lay-up  C.  After  10000  cycles  some  edge  lightening  was  observed  (Fig  51)  and  by  1 00000 
cycles  the  light  edge  regions  extended  1-2  ms  in  from  the  coupon  edges.  Some  edge 
whitening  developed  in  holed  coupons  after  large  numbers  of  eyelet  but  no  transverse 
lightening,  although  some  lightening  was  visibls  around  ths  holes  (Fig  52).  This  eventu¬ 
ally  linked  up  with  the  edge  lightening  and  commenced  spreading  longitudinally  along  the 
coupons . 

.itrasonic  C-acanning  of  plain  woven  coupons  revealed  an  overall  lightening  with 
increasing  numbers  of  cycles  and  the  gradual  development  of  lighter  spots  at  ths  tow 
crossover  point*  in  the  weave  (Fig  53)  es  in  coupons  from  lay-up  C.  Ed;.  .  ..htening  was 
observed,  but  this  was  very  limited  and  never  extended  more  than  2-3  m  from  the 
coupon  edges.  Moled  coupons  showed  similar  behaviour  with  some  edge  lightening  developing 
aftrr  100000  cycles  (Fig  54).  There  was  also  evidence  of  the  development  of  light  spots 
but  lees  obvious  then  in  the  plain  woven  coupons.  Ths  light  areas  that  developed  around 
the  holes,  as  in  the  non-woven  courons,  eventually  linked  up  with  the  edge  lightening  and 
spread  a  short  distance  longitudinally  along  the  coupon  edges. 

3.3.4  Lay-up  E  (±45, 02)^ 

Results  of  the  reversed  axial  fatigue  tests  are  given  in  Table  14  and  presented  as 
S-N  curves  in  (Fig  55).  All  plain  coupons  failed  at  random  positions  along  their  lengths. 
Holed  non-woven  coupons  sowetimss  failed  at  the  holes  but  frequently  sway  from  the  holes. 
Holed  woven  coupons  also  frequantly  failed  away  from  the  holes. 
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Optical  microscopy  of  plain  non-woven  coupon*  ravaalad  i45°  dr  lamination  after  only 
1000  cycle*  (Fig  56).  Thi*  became  more  extensive  after  10000  and  100000  cycle*,  end 
translaninar  crack*  in  the  45°  layt  »  v»re  also  observed  (Fig  56).  Woven  coupon*  showed 
no  damage  until  10000  cycle*  when  tram  laminar  crack*  were  visible  (Fig  57).  These 
became  non  extenaive  after  50000  and  100000  cycles  and  delfmination  between  the  £45 
plica  w.i  then  ebserved. 

Ultrasonic  C-scanning  of  plain  non-woven  coupon*  revealed  edge  damage  which  initiated 
from  one  end  and  grew  along  one  edge  (Fig  58).  Eventually  light  areas  were  initiated 
within  the  coupon  width  away  from  the  edge*  through  which  the  coupon  failed.  Holed  non- 
woven  coupons  revealed  damage  around  the  hole*  after  10000  cycle*  (Fig  59)  which  grew 
longitudinally  to  several  hole  diameter*  distance  after  1  million  cycles.  Eventually 
the  damage  reached  the  coupon  ends  and  had  also  grown  across  the  coupon  vidth. 

Ultrasonic  C-scanning  of  plain  woven  coupons  revealed  the  gradual  lightening  with 
increasing  numbers  of  fatigue  load  cycles  ebserved  in  the  other  woven  laminates  (Fig  60). 
Some  edge  induced  damage  was  apparent  after  50000  cycles.  The  holed  woven  coupons 
exhibited  a  similar  effect  to  that  observed  in  the  non-woven  coupons  in  which  damage  was 
observed  around  the  here  after  only  1000  cycles  and  grew  longitudinally  to  extend  along 
half  the  coupon  length  after  10000  cycles.  The  damage  then  grew  transversely  from  the 
hole  across  the  width. 

Infra-red  thermography  of  holed  woven  and  non-woven  coupons  revealed  an  initial 
heating  around  the  hole,  as  is  common  with  many  holed  laminates  in  fatigue  ’•  the 
number  of  load  cycles  increased  however,  the  regions  above  and  below  the  hole  uecame 
hotter  and  the  areas  either  side  of  the  hole  were  observed  to  cool.  Further  load  cycling 
resulted  in  the  hottest  areas  moving  longitudinally  further  from  the  hole  until  they  were 
within  a  few  centimetres  of  the  coupon  ends.  An  example  of  this  behaviour  is  given  in 
Fig  61,  in  which  a  woven  coupon  cycled  between  ±400  MPa  is  shown  after  -.nly  4000  load 
eye les. 

4  DISCUSSION 
4. 1  Stetic  tests 

T’ie  results  of  static  tensile  tests  on  the  (0,90)  laminates,  given  in  Table  1, 
revealed  that  the  plain  woven  coupons  were  162  weaker  than  the  non-woven  coupons.  Part 
of  this  difference  was  due  to  the  fibre  volume  traction  being  approximately  102  lower 
(Vf  “  542)  than  in  the  non-woven  coupons,  an  inevitable  consequence  of  the  fibre  tow 
distortion  in  the  weave.  The  additional  strength  reduction  w«s  due  to  reduced  material 
strength  directly  associated  with  the  distortion  of  the  fibre  tows,  indeed  similar  effects 
were  observed  in  earlier  work  on  (0,90)  laminates^’6.  Both  woven  and  non-woven  (0,90) 
laminates  were  notch  sensitive,  the  strength  of  the  non-woven  material  fa1 ling  by  172  in 
the  presence  of  a  4cm  hole  and  the  woven  material  by  332.  Thus  the  woven  (0,90)  material 
was  wore  notch  sensitive  than  the  non-woven  material,  an  observation  also  made  in  previous 
work^.  This  was  cue  to  the  inhibition  of  stress  relieving  and  energy  absorbing  mechanisms 
at  the  edge  of  fh»-  >iole;  in  woven  material  longitudinal  splitting  at  the  hole  would  be 
restricted  to  the  undistorted  length  of  the  weave  and  delamination  would  also  be  contained. 
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Static  compression  taat*  on  (0,90)  coupon*  shoved  the  woven  material  to  be  just  127 
weaker  than  the  non-vo ven  material  (Table  1).  This  could  be  almost  fully  attributed  to 
the  lower  fibre  volume  friction  in  the  woven  material,  although  the  woven  material  was 
expected  to  be  weaker  aince  fibre  diatortion  in  the  weave  should  lead  to  fibre  instability 
at  smaller  applied  stresses.  Both  woven  and  non-woven  material  exhibited  significant 
notch  sensitivity  in  compression,  the  strength  of  both  materials  falling  by  387.  The 
presence  of  a  hole  results  in  local  stress  concentrations  and  local  biaxial  stress 
distributions.  These  can  be  modified  by  shear  cracking  and  delamination  but  they  will 
usually  cause  local  fibre  instabilities  at  lower  overall  applied  loads  than  those  in 
plain  coupons,  resulting  in  notch  sensitivity. 

The  woven  (±45)  laminates  were  slightly  stronger  statically  than  the  non-woven 
material  (Table  2),  implying  that  the  lower  fibre  volume  fraction  and  greater  fibre 
distortion  had  little  effect  on  strength,  although  previous  work3  indicated  that  the 
failure  strain  was  reduced.  The  increased  load  carrying  capacity  of  the  fibres  in  the 
woven  fabric  ves  probably  due  to  the  inhibition  of  in-plane  shear  deformation  and 
delamination  due  to  the  woven  and  undulating  nature  of  the  fabric,  which  is  also  consist¬ 
ent  with  the  reduced  failure  strain.  All  (±45)  lay-ups  were  effectively  notch  insensitive, 
a  widely  reported  fact,  and  similar  values  of  failure  stress  were  obtained  for  woven  and 
non-woven  coupons  with  4m.  central  holes. 

Coupons  with  the  (±45,0,90)  lay-up  (lay-up  C)  had  lower  tensile  strengths  than 
either  the  (0,90)  or  (0,±45)  lay-ups,  a  consequence  of  the  smaller  percentage  of  0°  load 
bearing  fibres.  The  plain  woven  material  was  only  67  weaker  than  the  non-woven  material 
(Table  3),  a  reduction  in  keeping  with  the  lower  fibre  volume  fraction.  This  implies 
that  the  fibre  distortion  had  no  effect  on  the  strength  of  the  woven  material  in  lay-up  C, 
unlike  the  (0,90)  or  (0,90, ±45)  lay-ups.  This  disparity  is  difficult  to  explain  but  may 
be  associated  with  anomalous  scatter  due  to  the  small  sample  size. 

Both  the  woven  and  non-woven  material  with  4mm  central  holes  lost  297  in  strength 
compared  with  the  plain  material.  The  similar  notch  sensitivity  in  both  materials  is  in 
contrast  to  the  (0,90)  lay-up  in  which  the  woven  material  proved  to  be  more  notch  sensi¬ 
tive.  This  implies  that  in  the  0,90  material  the  non-woven  laminate  has  the  opportunity 
to  stress  relieve  through  the  development  of  longitudinal  shear  cracks  in  the  0  layers, 
a  mechanism  that  is  restricted  in  the  woven  material  by  the  woven  nature  of  the  cloth. 

In  the  (±45,0,90)  lay-up  the  (±45)  layers  prevent  any  possibility  of  significant 
longitudinal  shear  cracks,  so  similar  notch  sensitivity  was  observed  in  both  woven  and 
non-woven  material. 

Static  compression  tests  on  (±45,0,90)  coupons  showed  the  woven  material  to  be  217 
weaker  than  the  non-woven  material  (Table  3).  This  difference  cannot  be  fully  attributed 
to  differences  in  fibre  volume  fraction,  but  must  also  be  due  to  fibre  waviness  in  the 
fabric  precipitating  fibre  microbuckling  at  smaller  applied  stresses.  For  this  lay-up 
the  measured  compressive  strengths  were  greater  than  the  tensile  strengths,  by  AiX  for 
the  non-woven  material  and  187  for  the  woven  material.  This  is  because  in  this  lay-up  a 

g_  |  Q 

large  compressive  interlaminar  normal  stress  is  generated  ,  which  results  in  reduced 
susceptibility  to  delamination.  Fibre  instability  is  initiated  at  smaller  applied 
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•train*  in  the  presence  of  local  delaainatfon,  and  thu*  last  extensive  delamination 
results  in  greater  compressive  strengths.  Both  materials  ware  notch  aensitiva,  tha 
•  trangth  of  tha  woven  notarial  being  reduced  by  and  tha  r.on-woven  by  36Z.  .  . 

Tha  reaulta  of  tha  atatic  tensile  teat*  on  tha  (0,90,145)  lay-up  (lay-up  D),  given 

in  Tabla  4,  showed  that  tha  plain  woven  material  was  24Z  weaker  than  the  non-woven 

material.  This  is  due  to  tha  combination  of  lower  fibre  volume  fraction  and  greater 

fibre  distortion,  already  discussed  in  connection  with  lay-up  A.  Both  woven  and  non- 

wovan  material  exhibited  similar  notch  sensitivity,  as  observed  in  lay-up  C,  the  strength 

of  the  woven  material  being  v-  duced  by  22Z  due  to  a  central  4mm  hole  and  the  non-woven 

material  by  26Z,  However  lay-up  D  was  generally  stronger  than  lay-up  C,  by  up  to  29Z. 

This  difference  can  be  attributed  to  the  different  ply  stacking  sequences,  which  result 

8-10 

in  large  interlaminar  normal  stresses  at  the  edges  of  coupons  with  lay-up  C  but  only 
small  stresses  for  lay-up  D.  As  a  result,  longitudinal  edge  cracks  developed  in  coupons 
with  lay-up  C  but  not  lay-up  D,  and  these  led  to  different  failure  procear.e*  and  reduced 
tensile  strength. 

Static  compression  teste  on  (0,90,i4S)  coupons  showed  the  woven  material  to  be  23Z 
weaker  than  the  non-voven  material  (Table  4).  This  was  again  due  to  the  combined  effects 
of  lover  fibre  volume  fraction  and  greater  fibre  distortion  in  the  woven  mtterial.  In 
this  lay-up  the  compression  strength  was  slightly  less  than  the  tensile  strength  and  also 
less  than  in  lay-up  C.  This  was  because  the  interlaminar  normal  stress  is  small  in  lay¬ 
up  D,  &>  delamination  could  occur  more  readily  than  in  lay-up  C.  In  addition,  one 
surface  of  the  load  hearing  0  layers  was  unsupported  at  the  laminate  surface,  which  would 
lerd  to  instability  at  smaller  applied  stresses.  Both  materials  were  notch  sensitive, 
the  strength  of  the  non-woven  material  fa' ling  24Z  and  the  wuven  material  I5Z  in  the 
presence  of  a  hole.  The  effect  of  the  hole  was  less  than  in  lay-up  C,  indeed  the  actual 
notched  stresses  were  similar  in  lay-ups  C  and  D.  This  implies  that  although  the  inter¬ 
laminar  normal  stress  was  an  important  factor  in  determining  plain  strength,  it  had  little 
effect  on  notched  compressive  strength.  Perhaps  instabilities  associated  with  the  complex 
stress  field  at  the  notch  were  of  overriding  importance. 

The  tensile  strengths  of  plain  (±45,0)  coupons,  (lay-up  E),  were  similar  for  both 
non-woven  and  mixed  woven  coupons  (with  only  the  ±45  layers  replaced  by  woven  fabric) ,  as 
shown  in  Table  5.  This  observation  has  been  made  in  previous  work  with  (±45,0) 
lay-ups^’^’ 1  *  * A  slightly  reduced  strength  would  have  been  expected  from  the  mixed 
woven  coupons  because  of  their  lower  fibre  volume  fraction,  but  this  may  have  been 
absorbed  by  the  scatter  in  the  results.  Both  materials  were  notch  sensitive,  the  non- 
woven  material  losing  27Z  of  its  strength  and  the  mixed  woven  31 Z  due  to  the  action  of 
a  4ran  central  hole.  The  degree  of  notch  sensitivity  was  similar  to  that  observed  in  lay¬ 
ups  C  and  D  which  also  contained  ±45°  layers.  It  is  apparent  that  these  layers  c*n 
seriously  limit  stress  relieving  mechanisms  such  as  0°  longitudinal  splitting  around 
■tress  concentrators  end  lead  to  high  notch  sensitivity  in  composite  materials. 

Static  compression  tests  on  (±45,0)  coupons  showed  the  mixed  woven  material  was  1.5Z 
stronger  than  the  plain  non-woven  material,  (Table  5).  This  was  probably  an  anomaly 
associated  with  the  small  number  of  tests,  since  the  notched  strength  was  apparently 
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■raster  than  the  plain  strength,  an  observation  not  recorded  in  previous  work  with  the 
sane  material5,6.  The  nixed  woven  notarial  was  slightly  notch  sensitive,  the  strength 
falling  !3X  in  the  presence  of  a  hcle.  Thus  this  lay-up  was  less  notch  sensitive  in 
compression  than  in  tension. 

4.2  Zero-tension  fatigue  tests 

In  the  tensile  fstigue  loading  of  the  (0,90)  material  (lay-up  A),  both  plain  non- 
woven  and  woven  coupons  suffered  losses  in  strength  with  increasing  numbers  of  fatigue 
cycles,  but  the  effect  was  more  pronounced  in  the  woven  material  (Fig  2).  Thus  the 
static  strength  difference  observed  between  the  non-woven  and  woven  material,  due  to  a 
combination  of  lover  fibre  volume  fraction  and  greater  fibre  distortion  in  the  woven 
material,  became  greater  in  fatigue  loading.  Optical  microscopy  and  ultrasonic  C-s-anning 
revealed  extensive  transverse  cracks  across  the  90°  layers  and  delamination  between  layers, 
increasing  with  increasing  numbers  of  fatigue  cycles.  In  the  non-woven  material  this 
effectively  uncoupled  the  90°  layers  from  the  0°  layers  and  the  behaviour  was  then  typical 
of  unidirectional  CFRP  in  fatigue.  In  the  woven  material  however,  the  90°  tows  remain 
interwoven  with  the  0°  tows  and  thus  continue  to  exert  a  stress  concentrating  influence 
on  them.  The  C-scan  revealed  areas  of  damage  at  tow  crossovers,  probably  involving  0° 
tow  degradation,  and  this  resulted  in  a  steeper  S-N  curve  than  observed  in  the  non-woven 
material. 

The  strength  of  the  (0,90)  haled  coupons,  both  woven  and  non-woven,  increased  at 
first  with  increasing  numbers  of  fatigue  cycles,  but  fell  after  greater  numbers  of  cycles 
(Fig  2).  The  initial  increase  in  strength  was  only  possible  because  of  the  manner  in 
which  the  fatigue  tests  were  performed,  which  involved  the  gradual  increase  of  peak  load 
from  zero  to  maximum  over  about  2000  fatigue  cycles.  Th.  -  was  sufficient  cyclic  loading 
to  develop  damage  zones  around  the  holes  and  relieve  the  stress  concentration  -ading  to 
initially  greater  strengths.  After  only  10000  cycles  the  holed  non-woven  coupons  were 
ar  strong  as  the  plain  coupons,  but  the  holed  woven  coupons  never  quite  attained  the 
strength  of  the  plain  coupons,  even  after  10  million  load  cycles.  Ultrasonic  C-scanning 
revealed  the  development  of  longitudinal  splitting  and  0/90  delamination  around  the  holes, 
this  being  the  cause  of  the  initial  reduction  in  notch  sensitivity.  This  was  more  appar¬ 
ent  in  the  non-woven  material,  explaining  why  this  material  recovered  more  of  its  plain 
strength  than  the  woven  material.  In  the  holed  woven  material  the  90°  tows  can  never 
become  completely  uncoupled  from  the  0°  tows,  because  of  their  woven  nature,  and  they 
continue  to  exert  a  stress  concentrating  influence  at  the  tow  crossover  points.  Indeed 
these  points  were  the  site  of  additional  damage  observed  experimentally. 

The  (±45)  coupons  behaved  similarly  in  fatigue,  ir.  both  the  plain  and  holed  state, 
the  notch  insensitivity  apparent  statically  being  preseryed  in  fatigue.  The  woven  coupons 
did  appear  slightly  stronger  and  this  bscame  more  noticeable  at  long  lifetimes  when  woven 
coupons  outlasted  non-woven  ones  by  almost  one  decade  in  life  (Fig  7).  The  major  micro- 
structural  difference  observed  was  less  extensive  damage  in  the  woven  material,  presum¬ 
ably  a  consequence  of  the  damage  growth  restrictions  imposed  by  the  woven  nature  of  the 
material,  and  this  resulted  in  survival  to  longer  lifetimes.  The  woven  material  also 
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exhibited  an  overall  C-scan  lightening  associated  with  damage  development  at  tow  cross¬ 
overs,  but  this  did  not  appear  detrimental  in  the  (±45)  material,  unlike  other  lay-ups. 

Tensile  fatigue  teats  on  coupons  with  a  (±45,0,90)  lay-up  (lay-up  C)  showed  a  sub¬ 
stantial  loss  in  strength  with  increasing  numbers  of  cycles,  for  both  woven  and  non-woven 
material  (Fig  14).  Ultrasonic  C-scanning  and  optical  microscopy  revealed  extensive 
longitudinal  edge  cracking,  growing  from  the  coupon  edges  towards  the  centres  of  their 
widths,  probably  the  cause  of  the  significant  strength  losses  observed.  The  plain  woven 
material  appeared  to  suffer  an  oven  greater  loss  in  strength  at  high  lifetimes.  This 
implies  that  the  static  differences  attributed  to  lower  fibre  volume  fraction  and  greater 
fibre  distortion  in  the  woven  material  continued  to  account  for  the  lower  fatigue  strength 
except  at  long  lifetimes  when  additional  strength  degradation  mechanisms  were  operative 
in  the  woven  material.  The  microatructural  analysis  again  revealed  considerable  damage 
at  the  tow  crossover  points  in  the  woven  material,  particularly  at  long  lifetimes,  and 
this  undoubtedly  resulted  in  a  further  reduction  in  the  load  bearing  capacity  of  the  0° 
tows.  This  caused  an  additional  loss  in  strength  compared  with  the  non-woven  material  in 
which  the  0°  and  90°  plies  became  uncoupled  and  the  stress  concentrating  effects  of  the 
90°  plies  on  the  0°  plies  relieved. 

The  holed  woven  and  non-woven  coupons  with  the  (±45,0,90)  lay-up  (lay-up  C)  also 

increased  in  strength  initially  in  the  tensile  fatigue  tests,  for  the  same  reason  as 

discussed  for  lay-up  A.  Between  100000  and  I  million  cycles  the  strengths  of  the  holed 

coupons  approached  those  of  the  plain  coupons  and  the  notch  sensitivity  disappeared 

completely  in  the  non-woven  material,  but  remained  to  a  small  extent  in  the  woven 

material.  The  C-scan  revealed  extensive  damage  growth  around  holes  during  fatigue,  this 

linking  up  with  edge  cracking  caused  by  the  high  interlaminar  normal  stresses  in  this 
8—  1 0 

particular  lay-up  .  As  a  consequence,  layers  became  uncoupled,  causing  considerable 
stress  relief,  resulting  in  the  lost  of  notch  sensitivity  in  the  non-woven  material. 
Although  the  ±45°  layers  can  become  uncoupled  from  the  (1,90  layers,  leading  to  stress 
relaxation,  the  woven  material  never  became  completely  notch  insensitive  as  the  0°  tows 
can  never  become  totally  uncoupled  from  the  stress  concentrating  influence  of  the  90° 
tows,  being  intimately  woven  together.  Indeed,  woven  coupons  with  the  (0,901  lay-up  (lay¬ 
up  A)  remained  partially  notch  sensitive  for  identical  reasons. 

Coupons  with  the  (0,90, ±45)  lay-up  (lay-up  D)  also  showed  a  significant  loss  in 
strength  with  increasing  numbers  of  tensile  fatigue  cycles  (Fig  21).  Microatructural 
analysis  revealed  leas  extensive  longitudinal  edge  cracking  than  in  lay-up  C,  but  trans¬ 
verse  cracks  were  formed  across  the  90°  plies  and  initiated  some  layer  delamination  at 
large  numbers  of  cycles.  Considerable  damage  was  also  developed  in  the  ±45°  layers 
adding  to  the  loss  in  strength  observed.  Tlie  strength  of  the  wpven  material  remained  a 
similar  fraction  of  that  of  the  non-woven  material  even  up  to  1  million  fatigue  cycles. 
This  implies  that  the  principal  cause  for  the  difference  between  the  strength  of  the 
plain  woven  and  non-woven  material  remained  greater  fibre  distortion  and  lower  fibre 
volume  fraction.  This  is  somewhat  surprising  since  the  microatructural  analysis 
revealed,  as  in  coupons  with  lay-up  C,  the  development  of  significant  damage  at  the  tow 
crossover  points  in  the  woven  material  after  large  numbevs  of  fatigue  cycles.  The  effect 
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>o*t  noticeable  in  lay-up  C  at  lifetimes  exceeding  >  million  load  cyelea,  but  no 
coupona  with  lay-up  D  aurrivad  for  longer  than  1  million  eye la a,  simply  bacauaa  of  tha 
experimental  aalaetion  of  atraaa  lava la.  It  ia  poaaibla  that  a  reduction  in  tha  at rant ch 
of  tha  woven  material  would  have  bean  obaervad  at  greater  numbers  of  fatigue  cyclea. 

A a  in  lay-up  C,  tha  holed  non-woven  coupona  with  lay-up  D  became  notch  inaaneitiva 
after  about  100000  load  cyclea.  but  tha  holed  woven  coupona,  although  approaching  tha 
etrength  of  tha  plain  coupona,  never  quite  became  totally  notch  inaaneitiva.  Similar 
typea  and  dagraaa  of  damage  ware  obaervad  around  tha  holaa  ea  in  coupona  with  lay-up  C, 
and  tha  main  difference  between  tha  holed  non-wovan  and  woven  coupona  remained  the 
additional  damage  developed  at  tow  croaeover  point*  in  the  woven  material  and  the 
inability  of  the  90°  towa  to  become  completely  uncoupled  from  the  0°  towa. 

Coupona  with  lay-up  C  had  greater  atatic  strength*  than  thoae  with  lay-up  D,  but 
this  difference  became  lea*  obvioua  during  fatigue.  Thia  difference  waa  attributed  to 
the  axtenaivc  longitudinal  edge  cracking  developed  in  coupona  with  lay-up  C,  due  to  the 
particular  ply  stacking  sequence,  and  not  obaervad  ataticaliy  in  coupons  with  lay-up  D. 
The  improvement  in  the  fatigue  performance  of  coupons  with  lay-up  C,  relative  to  thoae 
with  lay-up  D,  may  be  because  coupons  from  both  lay-ups  developed  longitudinal  edge 
cracking  in  fatigue,  although  this  waa  always  more  extensive  in  coupons  with  lay-up  C. 

The  atatic  teata  an  coupona  with  the  (±4 S.Oj)  lay-up  (lay-up  E)  showed  there  to  be 

little  difference  in  strength  between  the  nen-woven  and  mixed  woven  coupons,  and  a 

similar  observation  was  auide  in  the  tensile  fatigue  teats  (Pig  28).  The  plain  coupons 

suffered  a  loss  in  strength  of  nearly  25S  after  I  million  load  cycles  in  both  the  non- 

woven  end  mixed  woven  caaes.  Previous  work  had  found  a  greater  lost  in  strength  in  the 
II  12 

non-woven  material  *  ,  but  thia  was  not  the  case  in  the  present  work.  Microstructural 
analysis  revealed  the  damage  to  be  confined  mainly  to  the  ±45°  layers,  which  carry  only 
a  small  fraction  of  the  applied  load.  Thus  the  coupons  behaved  in  a  similar  manner  to 
unidirectional  material,  and  indeed  the  loss  in  strength  during  fatigue  was  comparable 
with  that  observed  in  unidirectional  material.  C-scans  of  the  plain  mixed  woven  coupons 
did  reveal  daawga  at  tow  crossover  points  in  the  ±45°  layers,  but  since  these  layers 
carried  only  small  load*  the  damage  had  no  significant  effect  on  the  material  strength. 

Tensile  fatigue  tests  on  holed  coupona  witn  the  (145,02)  lay-up  (lay-up  E)  showed 
both  tha  non-woven  and  mixed  wc/en  coupons  increased  initially  in  strength,  for  reasons 
discussed  earlier  in  this  setion  in  connection  with  coupons  with  lay-up  A.  The  fatig-.. 
strengths  of  both  the  non-woven  and  mixed  woven  coupons  remained  similar  at  all  lifetimes 
and  between  100000  and  I  million  cycles  the  holed  coupons  became  notch  insensitive,  their 
strengths  matching  those  of  the  plain  coupons.  The  ultrasonic  C-scan  revealed  damage 
development  around  the  hole*  at  low  lifetimes,  this  taking  the  form  of  delamination 
between  the  ±45°  and  0°  layers  with  longitudinal  shear  crack*  at  the  edges  of  the  holes. 
As  the  tests  proceeded,  these  shear  cracks  and  the  associated  delamination  grew  longi¬ 
tudinally  toward*  the  coupon  ends.  The  0  layers  thus  became  uncoupled  from  the  ±45° 
layers  and  behaved  in  the  notch  insensitive  manner  typical  of  unidirectional  material. 
This  behaviour  was  readily  apparent  in  infra-red  thermography  studies  of  the  coupons  in 
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which  the  hottest  area*  war*  initially  either  aid*  of  th*  hole*  but  rapidly  migrated  to 
above  and  below  the  holaa  and  then  aoved  away  froa  th*  hole*  toward*  th*  coupon  and*. 

4.1  Reversed  axial  fatigue  teat* 

Th*  daaag*  procaaaea  in  coaporita  material*  during  coapraaaiv*  loading  and  their 
relatlonahip  to  coapreaaive  mechanical  propertiea  ar*  atill  not  well  understood.  Much 
work  resorted  in  th*  literature  haa  referred  to  different  failure  nodes  in  compression 
including  fibre  buckling,  shear  failure  and  interfacial  failure.  Model*  bated  on  other 
mechaniaas  have  also  been  proposed.  A  uaeful  review  of  compressive  damage  mechanisms  it 
provided  in  Kef  13,  and  a  study  of  th*  effects  of  moisture  content  is  described  in  Ref  14. 
However,  assuming  that  the  teat  method  employed  obviates  ary  macro-instability  of  the 
test  coupon16,  the  wide  rang*  of  failure  processes  and  models  aimed  at  describing  the 
compressive  failui*  process  can  rrohably  be  reduced  to  just  two  principle  mechanisms; 
fibre  instability  and  material  failure  of  the  fibre.  In  the  latter  case  the  fibres  may 
fail  in  compression,  or  in  shear,  but  this  failure  mode  will  only  occur  if  fibre 
instability  is  avoided,  and  this  therefor*  represents  the  upper  bound  to  composite 
compressive  strength.  The  avoidance  of  fibre  instability  thus  provides  a  key  to  the 
potential  improvement  of  composite  compressive  strength. 

Within  the  group  of  failures  covered  by  the  fibre  instability  mode  come  those 

usually  attributed  to  fibre  microbuckling,  interfacial  failure  and  shear  failure.  All 

of  these  involve  fibre  instability,  triggered  by  different  factors.  To  avoid  fibre 

instability,  it  i*  necessary  to  eliminate  or  minimise  the  importance  of  these  factors. 

These  include  fibre/matrix  debonding,  ply  delamination,  poor  fibre  support  due  to  low 

resin  stiffness  or  reduced  resin  integrity  and  poor  fibre  alignment  as  well  as  certain 

contributory  factors  such  a*  the  use  of  small  diameter  fibres,  low  stiffness  fibres  and 

possible  adverse  thermal  effects  resulting  from  the  cure  schedule.  Fibre/metrix  debonding 

can  be  initiated  in  materials  with  a  poor  interfacial  bond  strength16, in  materials 

degraded  by  environmental  exposure  or  fatigue  loading,  or  adjacent  to  misaligned  fibres 

due  to  the  large  shear  stresses  induced,  and  will  trigger  failure  by  local  fibre 

instability.  Ply  delamination  can  be  caused  by  large  interlaminar  stresses  at  free 
8- 10 

edges  ,  holes  or  defects,  as  a  part  of  impact  induced  damage,  through  loading  in 
fatigue,  cr  from  severe  environmental  exposure.  De lamination  reduces  the  support  offered 
by  one  layer  to  another  and  can  also  trigger  fibre  instability,  although  this  mechanism 
frequently  induces  macrobuckling  type  failures.  The  resin  performs  an  important  function 
in  supporting  the  fibres  against  local  buckling.  Thus  limitations  in  resin  performance 
may  result  in  resin  failure,  frequently  in  shear,  which  triggers  fibre  instability 
before  the  full  fibre  strength  can  be  realised  Degradation  of  the  resin  due  to 
environmental  or  fatigue  exposure  frequently  leads  to  failure  in  this  manner.  Poor  f ib.-e 
alignment,  such  as  in  woven  fabrics,  misalignment  of  fibres  in  pre'pregs,  or  ply  misorient- 
ation  induced  during  fabrication  can  reduce  measured  comprersive  strengths  since  fibre 

I  Q 

instability  is  triggered  at  smaller  applied  stresses  .  It  is  likely  that  the  use  of  low 
stiffness  fibres,  or  th*  increasing  trend  to  smaller  diameter  fibres,  as  in  recent  carbon 
fibre  developments,  could  slso  precipitate  fibre  instability  at  smaller  applied  stresses. 
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Finally,  certain  polymer  fibraa  may  defibrillata  through  exposure  to  fatigue  loading  and 
•eve re  environments20  and  eubiaquantly  alao  fail  by  fibre  inatability  triggered  by  the 
defibrination. 

tn  fatigue  the  reain  and  the  f ibra/aatrix  interface  become  damaged  ind  .ire  leta 
able  to  support  the  fibres,  thus  fibre  inatability  occurs  at  smaller  applied  stresses. 
Consequently  resin  and  interface  damage,  and  also  delaminaticn,  are  critical  damage 
processes  in  compressive  fatigue  loading  and  the  susceptibility  of  a  material  to  these 
processes  will  greatly  influence  the  material* a  fatigue  performance. 

During  the  reversed  axial  fatigue  loading  of  plain  coupons  from  lay-up  A  (0,90),  a 
significant  loss  in  strength  was  observed  (Fig  35),  much  greater  than  observed  during 
tero-tension  loading.  The  loss  in  strength  was  greatest  in  the  woven  coupons,  where 
after  1  million  cycles  the  peak  fatigue  stress  was  lest  than  half  the  static  strength. 

Edge  cracking  was  observed  in  plain  non-woven  coupons  as  well  as  translaminar  93°  layer 
cracks  early  in  the  life,  which  spread  to  form  0/90  delamination  at  greater  numbers  o' 
cycles.  Although  the  plain  woven  coupons  suffered  a  greater  strength  loss  in  reversed 
axial  fatigue  than  the  non-woven  coupons,  they  developed  less  extensive  damage;  some  edge 
cracking  was  visible  and  also  90°  cracks,  followed  at  Ion;;  lifetimes  by  local  0/90 
de lamination  confined  to  individual  0  fibre  tows  by  the  weave  of  the  fabric.  Damage  was 
also  visible  at  the  tow  crossover  points  as  observed  during  the  tensile  fatigue  work. 

The  compressive  failure  process  dominated  in  the  reversed  axial  fatigue  tests,  but 
was  modified  by  damage  incurred  during  the  tensile  excursion.  The  crucial  difference 
between  the  woven  and  non-woven  material  was  perhaps  the  large  initial  0°  fibre  misalign¬ 
ment  in  the  woven  materi*1.  which  led  to  overall  fibre  instability  at  smaller  applied 
stresses  than  in  the  non-woven  material  with  its  better  fibre  slignnent.  In  reversed 
axial  fatigue  loading,  the  resin  and  interfaces  in  the  regions  of  distorted  0°  fibres 
must  carry  greater  shear  stresses  than  in  the  better  aligned  non-woven  material.  This 
causes  more  rapid  local  degradation  of  the  resin  interface  than  in  non-woven  material, 
accentuating  the  effect  of  the  fibre  misalignment  and  precipitating  0°  fibre  instability 
at  even  lower  applied  stresses. 

Holed  coupons  with  lay-up  A  showed  a  smaller  loss  in  strength  than  the  plain  coupons, 
indeed  the  non-woven  material  increased  in  strength  initially.  After  I  million  cycles 
the  difference  between  the  non-woven  and  woven  material  was  dramatic,  the  peak  fatigue 
stresses  in  the  non-woven  material  being  about  370  MPa  but  only  170  MPa  in  the  woven 
material.  This  latter  figure  corresponds  to  a  coupon  strain  of  less  than  0  25%.  After 
large  numbers  of  fatigue  cycles,  the  holed  coupons  approached  the  lifetimes  of  their 
respective  non-woven  coupons.  Thus  the  static  notch  sensitivity  almost  disappeared  in 
reversed  axial  fatigue,  as  in  sero-tension  fatigue,  a  consequence  of  local  lamage  around 
the  hole,  probebly  initiated  during  the  tensile  excursions,  relieving  stress  concentrations. 
At  large  numbers  of  cycles  the  bulk  damage  accumulation  became  dominant  and  the  limiting 
damage  processes  were  then  the  same  as  observed  in  the  plain  material  and  discussed  above. 

Reversed  axial  fatigue  tests  on  coupons  with  lay-up  C  (+45,0,90)  yielded  the  S-N 
curve*  given  in  Fig  41.  Since  the  tensile  static  strengths  were  less  than  the  compressive 
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strength*  tlMM  haw*  also  bsaa  plotted  in  Fig  41  at  circled  values.  Thu*  In  th*  reversed 
axial  caaa  tbs  tensile  excursion  dominated  at  vary  abort  lif atlas*.  After  only  a  small 
number  of  cyclaa  however,  compression  bahaviour  prevailed  and  all  coupon*  failed  ir. 
cobras* ion  at  nallar  stress**  than  in  tho  tanail*  fat'.gu*  taata.  All  coupons  exhibited 
•taaply  sloping  S-H  plot*  with  a  greater  loss  in  strength  than  ohsarvad  in  tanaion  alona. 
Static  diffaranca*  batvaan  plain  woven  and  non -wo van  coupons  vara  preserved  in  reversed 
axial  fatigue,  and  indeed  increased  at  long  lifetime* .  The  peak  fatigue  stress  fox  the 
plain  non-vo van  Material  was  reduced  to  about  I9S  MPa  after  1  Billion  cycle*  and  130  MPa 
for  the  plain  woven  water ial. 

Plain  now-woven  coupons  from  lay-up  C  developed  longitudinal  edge  cracks  in  the 
90  layeri  and  translaadnar  cracks  in  the  145°  and  90°  layers  early  in  their  lives.  This 
led  to  0/90  and  0/4S  dciamination  at  longer  lifetiaas,  when  edge  cracks  grew  froa  the 
coupon  edges  towards  the  centra  of  the  coupon  widths.  Plain  woven  coupons  developed 
siailar  damage,  except  that  additional  daaxage  was  initiated  at  the  tow  crossover  poinLs. 

Tu*  particular  atacking  sequence  of  lay-up  C  gave  rise  to  a  large  interlaminar 
normal  stresa  at  the  edges  of  coupons  nubjacted  to  tensile  loading*  10  which  resulted  in 
the  formation  of  edge  ..racking.  This  was  not  observed  in  the  static  compression  tests 
as  the  interlaminar  normal  stresses  ware  then  compressive,  hence  the  static  compressive 
strength  was  greatar  than  the  twnaile  strength.  In  reversed  axial  fatigue  however,  edge 
cracks  formed  and  grew  in  the  tenaile  fatigue  part  of  the  cycle.  These  reduced  the 
stability  of  the  0°  fibrer  on  the  compressive  part  of  the  loading  cycle,  hence  smaller 
applied  atresaes  were  required  to  trigger  fibre  instability  and  the  compressive  strength 
thus  fell  with  increasing  numbers  of  fatigue  cycles.  Fatigue  damage  in  ths  woven  and 
non-vo ven  materials  was  similar,  thus  similsr  reductions  in  compressive  strength  were 
observed,  except  st  long  lifetimes  when  the  additional  damage  at  th*  tov  crossover  points 
led  to  greater  reductions  in  th*  compressive  strength  of  th*  woven  material. 

Holed  non-vo ven  coupons  with  lay-up  C  demon  trated  a  significant  static  notch 
sensitivity  but  this  disappsarsd  in  fatigua  aftsr  only  a  fsw  cycles.  Holed  non-wovsn 
coupons  were  significantly  stronger  than  th*  hol>'<-  /oven  coupon*.  Th*  damage  observed 
was  similar,  but  lost  extensive,  to  that  ir.  the  plain  coupons  except  that  the  C-scan 
revealed  damage  around  th*  holes  which  grsw  and  linked  with  ths  adgs  cracking  and  then 
grew  longitudinally  along  th*  coupons.  Holsi  woven  coupons  were  alto  notch  sensitive 
statically,  the  effect  being  significantly  rsducad  but  never  disappearing  completely  in 
fatigue.  Daamg*  was  similar  /o  that  obaarvad  in  tha  plain  woven  material,  although  less 
extensive,  but  as  in  th*  holed  non-wovsn  SMtsrial  damage  was  also  obatrvad  around  the 
hoi*.  This  also  grew  to  link  with  th*  tdge  damage  and  than  grew  longitudinally  along 
th*  coupon  length.  It  is  claar  that  tha  holed  coupons  behaved  similarly  in  fatigue  to  the 
plain  coupona,  tha  atraaa  concentrating  influence  of  the  hole  quickly  being  almost 
completely  nullified  by  damage  generated  around  th*  holes. 

Unlike  lay-up  C,  th*  static  compressive  strengths  of  plain  coupons  with  lay-up  D 
(0,90,1*5)  war*  similar  to,  perhaps  slightly  lower  than,  thoir  tensile  strengths.  This 
was  bacaus*  lay-up  D  was  not  susceptible  to  th*  serious  edge  del ami net ion  effect  observed 
in  coupons  with  lay-up  C.  Hence  the  reversed  axial  fatigue  S-N  plott.  in  Tig  *1  were 
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drawn  conventionally  to  Include  tha  static  coapreitiv*  strengths  o t  the  materials.  All 
couponu  exhibited  steeply  ilspint  S-N  plots  with  a  greater  lota  in  strt'if  th  than  obaerved 
in  tenaila  fatigue.  The  atatic  coop  restive  differences  between  the  strength*  .-if  th* 
woven  and  notroovon  tutorials  decreased  slightly  at  short  lifatiass  but  increased  again 
at  longer  lifetimes.  Peak  fatigue  stresses  for  plain  non -woven  coupons  wero  shout 
ISO  MPa  after  I  million  cycles  coshered  with  135  MPa  for  the  woven  coupons. 

Plain  non-wuven  coupons  from  lay-up  D  developed  90°  trans laminar  cracks  after  small 
numbers  of  reversed  axial  fatigue  cycles,  which  led  to  delamination  between  the  90°  and 
45°  layers  at  greater  numbers  of  cycles.  Delamination  was  alto  observed  between  the  +45° 
and  -45°  layers  and  translaitinar  cracks  formed  across  these  layers  after  large  numbers  o? 
cycles.  Plain  woven  coupons  developed  similar  damage,  with  90°  layer  cracks  forming 
early  in  the  tests  followed  by  local  0/90  and  ±45  delamination  between  tows  and  damage 
within  th*  45°  layers.  Close  to  failure  however,  eom*  longitudinal  splitting  wes  observed 
within  the  0°  plies. 

lit*  fatigue  performance  of  coupons  with  lay-up  D  was  very  rimilar  to  those  with 
layup  C,  despite  th*  static  differences  associated  with  the  large  interlaminar  normal 
strata  in  lay-up  C.  Indaed  the  degradation  proceeeea  of  delamination  and  translaminar 
crackiny,  were  simile-  in  both  layupt  and  resulted  in  limilar  reversed  axial  fatigue 
behaviour.  The  woven  material  wee  leas  strong  statically  due  to  the  greater  initial 
fibre  misalignment  in  the  fabric.  Thie  difference  wes  generally  reflected  in  the  fatigue 
performance,  parh*ps  increasing  at  long  lifetimes  due  to  the  additional  damage  initiated 
at  the  tow  crossover  points  in  the  woven  material  which  reduced  support  for  the  0  fibres 
and  thus  reduced  the  applied  stress  required  to  trigger  fibre  instability. 

Holed  non-woven  coupon*  with  layup  D  exhibited  static  notch  sensitivity,  but  this 
disappeared  in  reversed  axial  fatigue  loading  after  about  100000  cycles.  Holed  non-woven 
coupoi  s  were  stronger  at  all  fatigue  lives  than  the  holed  woven  coupons.  Holed  woven 
coupons  wer-  also  note*-  sensitive  statically,  the  effect  being  reduced  in  fatigue  and 
notch  intent? tivity  was  achieved  after  long  lifetimes.  The  general  damage  development 
wes  similar  to  that  observed  in  coupons  with  lay-up  C.  in  both  woven  and  non-woven  holed 
coupon*,  damage  quickly  developed  around  the  hole  in  fatigee,  relieving  the  stress  concen- 
t. sting  influence  of  the  hole  in  both  the  tensile  and  compressive  phases,  of  the  fatigue 
cvcle  ano  leading  to  notch  insensitive  behaviour  similar  r.o  that  in  the  plain  coupons. 

Reversed  axial  fatigue  .esti  on  coupons  with  lsy-up  E  (±4r,0) ,  presented  in  Fig  55, 
yielded  steep  S-N  plot-  wirh  coupons  failing  in  compression  at  significantly  smaller 
stresses  'hen  in  the  tensile  fatigue  tests.  Peak  fatigue  stresses  were  reduced  to  about 
350  MPa  after  I  million  cycles  for  both  the  non-woven  and  mixed  woven  materials,  which 
corresponds  to  a  coupon  etrain  of  approximately  0.5X.  ■' 

Th*  damage  visible  by  ultraeonic  C-scan  and  at  edges  by  optical  microscopy  of 
coupons  with  layup  E  wee  confined  to  the  ±45°  layers  in  both  the  plain  non-woven  and 
mixed  woven  materials.  Indeed  similar  carnage  developed  in  both  materials  except  that 
extra  damage  was  observed  at  the  tow  crossover  points  in  the  ±45°  layers  of  the  mixed 
woven  material.  The  compression  strength  of  this  layup  in  reversed  axial  fatigue  loading 


vii  dependent  on  the  rat*  at  which  the  atraaa  for  the  enact  of  0°  fibre  microbuckling 
decayed  with  increasing  nuaberi  of  fatigue  cyclee.  Thia  waa  determined  by  the  nature 
and  ratv  of  the  damage  developed  which  eaaentially  fell  into  two  categories.  Firvtly 
realn  and  fibre/matrix  interface  degradation  within  the  0°  layer a,  which  locally  reduced 
support  for  the  0  fibre a  and  waa  similar  for  both  the  non-woven  and  nixed  woven  material*. 
Secondly  damage  within  the  i*38  layer*  and  delaalnation  at  the  *5/0  interface  which 
influencad  the  aupport  provided  for  the  0°  layer*  by  the  adjacent  +*3°  layer*.  Thia 
latter  mechanism,  although  potentially  different  in  the  two  materials,  proved  tc  be 
ainilar  in  both  material* ,  thua  the  reversed  axial  fatigue  performance  of  both  the  non- 
voven  and  mixed  woven  materials  was  very  similar. 

Any  difference*  between  the  atatic  compreaaive  strengths  of  the  non-woven  and  mixed 
woven  holed  coupon*  with  lay-up  E  disappeared  after  only  short  lifetimas  of  reversed 
axial  fatigue  loading.  Behaviour  became  totally  notch  insensitive  in  both  material* ,  to 
the  extent  that  most  coupons  failed  away  from  the  holes.  Damage  was  observed  around  the 
holes  early  in  the  futigue  lives.  This  took  predominantly  the  form  of  longitudinal  shear 
splits  in  the  0°  plies  at  tangents  to  the  holes  which  rendered  the  hole  ineffective  as  a 
stress  concentrator,  resulting  in  notch  insensitive  behaviour.  Infra-rad  thermography 
and  ultrasonic  C-scanning  revealed  the  growth  of  these  shear  splits  and  associated 
delamination  for  a  considerable  distance  longitudinally  away  from  the  holes.  Apart  from 
rendering  the  hole  ineffective,  it  it  unlikely  that  these  splits  had  any  effect  on  the 
ultimate  compressive  strength,  which  would  be  control lod  b"  the  same  factors  as  for  the 
plain  material  discussed  above. 

It  is  worth  emphasising  that  there  was  no  significant  difference  between  the  reversed 
axial  fatigue  performance  of  the  mixed-voven  and  non-woven  materials,  indeed  the  superior 
damage  tolerance  of  the  mixed-woven  material^’*  could  invite  its  widespread  use  in 
composite  structures. 

It  can  be  concluded  that  there  is  a  significant  fatigue  effect  in  the  reversed 
axial  loading  of  carbon  fibre  composite  materials.  This  fatigue  degradation  is  affecting 
one  of  the  key  properties,  that  is  notched  compression,  which  in  the  hot/wet  condition 
currently  determines  aircraft  design  stress  levels.  It  is  possible  that  the  combined 
effects  of  notching,  elevated  temperature,  moisture  AND  reversed  axial  fatigue  loading 
could  lead  to  further  reductions  in  the  residual  strength  at  long  fatigue  lifetimes. 
Aerospace  designers  would  do  well  to  reconsider  designs  based  on  the  assumption  that  the 
static  strength  represents  the  worst  case.  Further  investigations  into  the  effects  of 
hot/wet  compressive  fatigue  are  continuing  at  RAE.  Current  efforts  by  resin  and  fibre 
manufacturers  must  be  directed  towards  improvements  in  the  basic  compressive  strength  of 
carbon  fibre  composites,  as  well  as  reducing  it*  susceptibility  to  temperature  and 
environmental  effects  and  reversed  axial  fatigue  loading.  This  will  only  be  forthcoming 
through  material  improvements  based  on  a  sound  knowledge  of  the  key  factors  controlling 
the  compressive  failure  process  in  carbon  fibre  composite  materials. 
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3  COgOffiigg 

(1)  The  static  strengths  of  the  laminates  tested  were  reduced  by  two  atrea*  concen¬ 
trating  affects,  that  due  to  tow  croaaovar  points  in  the  woven  fabric  and  that  due  to 
machined  notches  In  all  the  laninatea.  The  relative  magnitude  of  these  effects  varied 
with  both  lay-up  and  loading  node,  but  both  served  to  reduce  strengths.  0,90  lay-ups 
were  nost  sensitive  to  these  stress  concentrations  and  245°  lay-ups  least  sensitive. 

Ocher  lay-ups  exhibited  intermediate  behaviour.  In  general  the  woven  materials  were  the 
most  notch  ser^itive. 

(2)  Replacing  the  245°  layers  of  a  laminate  with  woven  fabric  had  little  effect  on  the 
static  tensile  or  coe?res sive  strengths. 

(3)  In  tensile  fatigue  loading,  degradation  processes  led  to  further  reductions  in 
strength.  Stress  concentrations  at  notches  were  reduced  after  large  numbers  of  tonsil* 
fatigue  cycles  and  non-voven  material  became  notch  insensitive.  However  the  stress 
concentrating  effect  of  tow  crossover  points  in  the  woven  material  was  generally  increased 
as  fatigue  induced  damage  was  initiated  at  these  points.  The  combined  effect  cf  these 
degradation  processes  was  to  reduce  the  stresses  in  the  0,90  and  both  0,90,145  lay-ups  to 
tha  equivalent  of  let*  than  0.6Z  strain.  The  teneile  etrength  of  145  material  was  also 
reduced  by  fatigue  loading,  although  tha  woven  amterial  gave  greater  fatigue  lifetimes 
than  the  non-voven  material.  Thus  whsre  145  material  is  used  in  isolation,  as  in  many 
aircraft  trailing-edge  applications,  the  use  of  woven  fabric  will  lead  to  greater  fatigue 
lives. 

(4)  In  reversed  axial  fatigue  loading,  the  initial  differences  between  the  woven  and 
non-voven  materials,  which  were  associated  with  fibre  misalignment  at  tow  crossover  points 
in  the  woven  material,  were  generally  increased  at  long  lifetimes  as  damage  developed  in 
the  woven  materials  at  these  points.  In  the  three  0,90  end  0,90,245  lay-ups,  the 
strengths  of  the  holed  woven  coupon*  after  I  million  cycles  vers  reduced  to  the  equivalent 
of  0.3X  strain  or  less.  In  the  worst  case,  the  0,90  ley-up,  the  equivalent  sustainable 
strain  in  the  holed  woven  material  was  reduced  to  just  0.25Z,  whereas  the  holed  non-voven 
material  gave  a  strain  of  almost  0.6X.  This  affectively  excludes  the  use  of  woven  fabric 
to  replace  load  bearing  0°  fibres  in  ssrospace  structurs. 

(5)  Replacing  ths  *45  laytrs  in  0,245  lay-ups  with  voven  fabric  had  little  effect  on 
fatigue  behaviour,  in  tensile  or  reversed  axial  loading.  This,  combined  with  the  good 
damage  tolerance  of  this  configuration,  could  invite  the  widespread  use  of  mixed  woven 
material  in  composite  aerospace  structures, 

(6)  Reverted  axial  fatigue  loading  was  mors  detrimental  than  tensile  fatigue  and  led  to 
greater  losses  in  strength.  This  fatigue  degradation  affects  one  of  the  key  properties, 
that  it  notched  coaqirtteion,  which  in  the  hot  Amt  condition  currently  determines  aircraft 
design  strain  levels.  Aerospace  designers  would  do  well  to  reconsider  designs  based  on 
the  assunption  that  the  etatic  compressive  strength  represents  the  worst  esse.  Additional 
work  is  required  to  establish  whether  the  combined  effects  of  reversed  axial  fatigue 
loading  and  hot/wet  notched  compression  testing  lead  to  further  reductions  in  composite 
strength. 
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(7)  Matin  and  fibre  manufacturer*  mutt  direct  their  efferta  toward*  improving  the  batic 
coepretiive  atrength  of  carbon  fibre  co^oaitae  ea  well  aa  reducing  the  affacta  of 
teaperature,  anvironmantal  axpoaure  and  reverted  axial  fatigue  loading.  Thia  will  be 
forthcoming  only  through  material  Improvement*  bated  one  aound  knowledge  of  the  key 
facto 'a  controlling  th*  compraaaivt  failure  proceaa. 

Achnowlodiment 

Th*  author*  with  to  acknowledge  Nr  D.  Whitehead  and  Mr  J.  Coleman  for  ioair  contribution 
in  performing  many  of  th*  mechanical  teat*. 
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Table  3 

STATIC  TESTS  ON  LAY-UP  C  (±45,0,90)f 


Specimen  number 

Type 

Loading 

Failure  atreaa  MPa 

VUC-3 

Non-woven  plain 

Tension 

441 

WUC-37 

tl  It 

II 

476 

WUC-9 

Non-woven  holed 

II 

288 

WUC-31 

" 

•1 

363 

WUC-17 

Non-woven  plain 

Compression 

635 

WUC-51 

11  l» 

tl 

656 

WUC-23 

Non-woven  holed 

" 

4  21 

WUC-45 

t*  It 

" 

402 

WXC-3 

Woven  plain 

Tension 

422 

WXC-37 

••  ii 

.. 

442 

WXC-9 

Woven  holed 

It 

304 

WXC-31 

"  II 

II 

306 

WXC-I 7 

Woven  plain 

Compression 

542 

WXC-51 

l»  II 

It 

480 

WXC-23 

Woven  holed 

II 

389 

WXC-45 

>t  II 

II 

338 

1 

Table  4 

STATIC  TESTS  ON  LAY-UP  D  (0,90, ±45) 

-  _  s 


Specimen  number 

Type 

Loading 

Failure  stress  MPa 

WUD-3 

Non-woven  plain 

Tension 

546 

WUD-37 

II  II 

II 

584 

WUD-9 

Non-woven  holed 

II 

428 

WUD-3 1 

It  II 

II 

410 

WUD-I 7 

Non-woven  plain 

Corap ression 

505 

WUD-5 i 

•1  II 

II 

570 

WUD-23 

Non-woven  holed 

II 

345 

WUD-45 

H  II 

II 

474 

WXD-3 

Woven  plain 

Tension 

WXD-37 

•1  II 

II 

429 

WXD-9 

Woven  holed 

II 

'  336 

WXD-3 1 

l»  II 

II 

339 

WXD-I 7 

Woven  plain 

Compression 

406 

WXD-51 

»l  II 

II 

426 

WXD-23 

Woven  holed 

II 

359 

WXD-45 

1*  II 

II 

349 
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Table  5 


STATIC  TESTS  ON  LAY-UP  E  (±45,0,) 

_ 1  t 


Specimen  number 

Type 

Loading 

Failure  stress  MPa 

WUE-3 

Non-woven  plain 

Tension 

799 

WUE-37 

" 

l» 

B25 

WUE-9 

Non-woven  holed 

11 

590 

WUE-3 1 

ti 

tl 

It 

603 

WUE-17 

Non-woven  plain 

Compression 

776 

WUE-51 

" 

” 

It 

633 

WUE-23 

Non-woven  holed 

tl 

799 

KUE-45 

n 

It 

It 

690 

WXE-3 

Woven  plain 

Tension 

300 

WXE-37 

" 

" 

tl 

809 

WXE-9 

Woven  holed 

It 

565 

WXE-3 1 

ii 

«l 

It 

542 

WXE-17 

Woven  plain 

Compression 

896 

WXE-51 

II  It 

tl 

742 

WXE-23 

Woven  holed 

It 

786 

WXE-45 

»1 

II 

•1 

629 

Table  6 


ZERO-TENSION  FATIGUE  DATA  FOR  LAY-UP  A  {0,90,90,0) 


Hz  unlen  otherviac  atated 


Coupon  type 

Streaa  range  MPa 

Non-woven  plain 

200  ±  200 

II 

It  II 

250  ±  250 

It  It 

tl 

It  tt 

300  ±  300 

IV  tt 

It 

It  tt 

325  t  325 

It  II 

tl 

II  II 

337.5  i  337.5 

It  It 

It 

Non-woven  holed 

275  i  275 

II  II 

287.5  ±  287.5 

" 

tl  tl 

300  ±  300 

II  II 

312.5  ±  312.5 

II  It 

325  ±  325 

II  II 

II 

It  II 

337.5  i  337.5 

Woven  plain 

225  *  225 

II 

II  tt 

250  i  250 

It  tt 

It 

II  tt 

It 

It  It 

It 

It  II 

275  i  275 

II  II 

It 

Woven  holed 

175  i  175 

II  It 

200  +  200 

II  II 

tt 

II  It 

212.5  ±  212.5 

It  it 

tl 

It  tt 

225  ±  225 

II  tl 

It 

tl  tl 

It 

5476200  run-out 
5302800  " 

10233300  " 

10000000 
2229800 
755400 
1779500 
79900 
19200 
35100 


85 1 2000  run-out 
3436000 
518600 
4034300 
3255900 
409900 
1771200 
7600 


1173800 

1209700 

15600 

121000 


8690000  run-out 
3180000 
830200 
58500 
708600 
1700 
3700 
380500 


*  At  10  Hz 
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Table  7 


ZERO-TENSION  FATIGUE  DATA  FOR  LAY-UP  B  {±45,145} 

8 

Frequency  •  5  Hi  unleaa  otherwiae  atated  ~ 


Coupon  number 

Coupon  typt 

Streaa  range  MPa 

Cycle*  to  failure  ! 

10 

Non-vovsn  plain 

30  t  30 

4573000  run-out 

26 

40  ±  40 

1442000 

22 

M  It 

II 

1592200 

5 

II  II 

50  t  50 

1 78600 

28 

II  II 

II 

203100 

1* 

II  II 

60  ±  60 

32000 

7 

II  It 

II 

25400 

18* 

II 

46200 

13 

II  II 

70  ±  70 

2800 

23 

It 

4700 

10 

Non-woven  holed 

30  ±  30 

434 1 200  run-out 

27 

II  II 

40  ±  40 

1172300 

24 

II  II 

II 

713700 

4 

II  II 

50  ±  50 

154900 

14 

II  II 

II 

94500 

16 

II  II 

60  ±  60 

25300 

9 

II  II 

II 

16700 

21 

II  II 

70  ±  70 

5700 

12 

II  II 

II 

5200 

5 

Woven  plain 

30  t  30 

4278000  run-out 

13 

tl  II 

40  ±  40 

7659000 

26* 

II  II 

It 

5296200 

10 

II  II 

50  1  50 

290600 

28 

It  II 

II 

301700 

1* 

II  II 

60  ±  60 

44300 

7 

II  II 

II 

41400 

18* 

II  II 

II 

59100 

13 

II  II 

70  ±  70 

8900 

23 

II  II 

II 

8900 

9 

Woven  holed 

40  ±  40 

7814300 

21 

It  II 

II 

4786400 

4 

II  II 

50  ±  50 

358300 

24 

II  II 

II 

397600 

6 

II  It 

60  ±  60 

64000 

16 

It  II 

II 

65700 

27 

II  II 

70  ±  70 

2900 

12 

II  II 

II  ' 

10100 

*  At  10  Hz 


30 


Table  8 

ZERO- TINS IOH  FATIGUE  DATA  FOR  LAY-UP  C  {±45,0,90^ 
Frequency  »  20  Hr 


Coupon  nuabtr 

Coupon  type 

Street  range  MPa 

Cyclee  to  failure 

2 

Non-vovan  plain 

125  ±  125 

10342200  run-out 

25 

II  II 

150  ±  15C 

6547800 

43 

II  II 

"  1 

6166800 

18 

II  II 

175  ±  175 

218300 

7 

II  II 

11 

78000 

34 

II  II 

200  ±  200 

42600 

49 

II  II 

II 

28100 

29 

1*  It 

212.5  t  212.5 

12600 

36 

II  II 

II 

100 

15 

Non-woven  holed 

150  ±  150 

1067700 

47 

II  II 

II 

1206400 

21 

It  II 

175  ±  175 

4)9100 

41 

It  II 

II 

27900 

5 

II  It 

187.5  t  187.5 

48000 

39 

II  II 

II 

1300 

10 

II  II 

200  ±  200 

1500 

32 

It  It 

II 

2000 

49 

Woven  plain 

129.5  ±  129.5 

1477300 

29 

It  II 

II 

2925600 

2 

II  II 

150  ±  150 

294000 

18 

M  It 

162.5  ±  162.5 

120600 

7 

•  1  II 

11 

99200 

34 

M  II 

175  ±  175 

667700 

25 

II  II 

II 

137300 

43 

II  II 

11 

42000 

4 

II  II 

200  ±  200 

1300 

27 

11  II 

II 

12600 

10 

Woven  holed 

125  ±  125 

1 109700 

32 

11  II 

II 

2228900 

21 

II  II 

137.5  ±  137.5 

676400 

41 

•1  II 

II 

569200 

5 

II  II 

150  ±  150 

56100 

39 

II  II 

II 

185400 

15 

II  II 

162.5  *  162.5 

1300 

47 

II  11 

II 

900 

I 


650 


Tab It  9 

ZERO-TENSION  FATIGUE  DATA  FOR  LAY-UP  D  {0,90,145} 


Coupon  nuabar  Coupon  typt  Strtti  range  MPa  Cycltt  to  failure 


Non-woven  plain 

175  1  175 

II  II 

200  l  200 

•I  II 

212.5  l  212.5 

II  II 

II 

II  II 

225  1  225 

II  II 

II 

II  II 

237.5  1  237.5 

II  II 

It 

•1  II 

257.5  1  257.5 

Non-woven  holed 

II  II 

II  II 

II  II 

II  II 

II  II 

II  II 

II  II 

It  II 

175  1  175 

187.5  ±  187.5 

ii 

200  1  200 
t> 

212.5  ±  212.5 

it 

225  1  225 

ii 

Woven  plain 

137.5  1  137.5 

II  II 

•  1 

II  II 

150  1  150 

II  II 

II 

II  II 

162.5  i  162.5 

II  II 

II 

II  II 

182.7  1  182.7 

II  II 

II 

Woven  holed 

125  1  125 

II  II 

II 

II  II 

137.5  ±  137.5 

It  II 

150  ±  150 

II  II 

II 

II  II 

175  ±  175 

II  II 

II 

II  II 

190  ♦  190 

II  II 

II 

4 

520000 
277500 
125200 
1 12200 
117300 
13500 
34200 
8100 
1000 


775800 

615200 

369000 

127400 

71700 


1000100 
1000100 
243900 
1 1 000 
3600 
600 
900 
600 
600 


*  At  10  Ha 


Tablj  10 


ZERO  TINS  ION  FATIGUE  DATA  FOR  LAY-UP  E  {±45,02} 
Frequency  ■  20  H« 


Coupon  nuabar 

Coupon  type 

Street  range  MPa 

Cyclaa  to  failure 

2 

Non-woven  plain 

300  ±  300 

9176100 

7 

t»  It 

315  t  315 

1922900 

29 

It  It 

II 

I8S4600 

25 

It  II 

320  ±  320 

3336400 

34 

It  II 

325  ±  325 

5063700 

18 

II  It 

It 

1300 

49 

II  It 

It 

20300 

43 

tt  It 

350  *  350 

1600 

1 

II  II 

II 

1800 

4 

II  II 

II 

1100 

21 

Non-woven  holed 

300  ±  300 

2572400  <tu) 

41 

II  II 

It 

748900  (te) 

5 

•  1  II 

315  ±  315 

1162300  'te) 

39 

It  It 

II 

580800  (be) 

15 

It  It 

325  ±  325 

1600  (th) 

47 

tt  II 

It 

373500  (te) 

10 

II  It 

It 

259300  (te) 

32 

II  If 

11 

2100  (th) 

2 

Woven  plain 

325  ±  325 

68100 

34 

II  II 

II 

1684600 

18 

II  tl 

350  1  350 

2300 

49 

II  II 

II 

174700 

7 

II  It 

375  ±  375 

6200 

29 

II  II 

tt 

2300 

25 

II  II 

337.5  ±  337.5 

25400 

43 

tl  II 

II 

1226900 

47 

Woven  holed 

300  ±  300 

5457400  (le) 

15 

II  II 

tl 

1300  (th) 

41 

tl  II 

11 

3995600 

21 

11  II 

II 

2200  " 

39 

II  11 

315  t  315 

900  " 

5 

II  It 

It 

1600  " 

32 

It  It 

325  ±  325 

700  " 

10 

11  II 

II 

A56000  " 

1«  •  failure  at  lower  and  of  coupon,  th  -  failure  through  the  hole 
te  -  failure  acron  the  top  end  of  the  coupon. 


H VERSED  AXIAL  FATICUE 


Frequ 


Coupon  nuaber 

Coupon  type 

12 

Non-vovan  plain 

30 

n  it 

16 

ii  ti 

24 

ii  ii 

27 

•i  ii 

8 

ii  ii 

50 

ii  ii 

26 

ii  ii 

35 

ii  it 

44 

ii  ii 

20 

it  ii 

36 

ii  it 

28 

Non-woven  holed 

6 

II  II 

46 

II  II 

22 

II  II 

14 

II  II 

42 

II  II 

33 

It  II 

11 

It  II 

12 

Woven  plain 

30 

II  II 

44 

II  II 

26 

It  II 

36 

II  II 

8 

II  II 

50 

II  II 

16 

II  II 

46 

Woven  holed 

22 

II  II 

14 

II  II 

42 

II  II 

28 

•1  It 

6 

II  II 

33 

II  II 

11 

II  II 

Strata  rang*  MPa 


Cyclai  to  failure 


Table  12 

MVIMKD  AXIAL  FATIGUE  BATA  FOE  LAY-UP  C  {**5,0,90} 


rerun 


Coupon  nuabar 


Coupon  type 

Straaa  range  MPa 

Cycles  to  failure 

Non-voven  plain 

0  1  170 

4188500 

It  It 

II 

I7460C0 

II  II 

0  *  200 

757500 

II  II 

II 

494700 

II  II 

0  *  250 

97800 

II  II 

11 

48700 

II  II 

0  1  300 

23700 

II  It 

II 

29700 

Non-woven  holed 

0  *  100 

I 0000000  run-out 

11  II 

0  *  150 

8919300 

II  II 

0  ±  170 

2056200 

11  II 

0  *  200 

647000 

•  1  II 

♦1 

618100 

II  II 

0  ±  250 

56600 

II  II 

II 

47800 

n  n 

0  *  300 

13800 

it  n 

11 

700 

Woven  plain 

0  *  130 

5216500 

•  1  II 

11 

4971100 

II  II 

0  ±  170 

499700 

II  11 

II 

508000 

H  II 

0  *  200 

162100 

•  I  11 

11 

324500 

It  II 

0  i  250 

47600 

II  II 

II 

66800 

Woven  holed 


0  ±  130 

M 

0  1  150 

«l 

0  ±  170 

II 

0  ±  200 


2*72800 
3156500 
525800 
b»3300 
1 30800 
1 17800 

sseoo 

'  22500 


Tablt  13 

NtVUSSO  AXIAL  FATIGUE  DATA  FOX  LAY-UP  P  {0,90, ±45) 


Frequenc 


Coupon  nuaber  Coupon  typa  I  Strata  r^nge  MPa  Cyclaa  to  failure 


Non- wo van  plain 


Non-woven  holed 
n  n 


Woven  plain 


Wovan  holed 


0  4  170 

2120400 

•• 

2357600 

0  ±  200 

328400 

0  ±  250 

49600 

n 

33700 

0  ±  300 

2500 

0  4  350 

2500 

ii 

1700 

0  4  400 

2100 

n 

1000 

0  4  450 

400 

0  4  170 

1639800 

n 

1 1 48000 

0  4  200 

659000 

it 

401700 

0  4  250 

26900 

n 

15200 

0  4  300 

3400 

0  4  450 

300 

0  4  130 

1808500 

0  4  170 

259700 

M 

208300 

0  4  200 

61500 

It 

66700 

0  4  250 

8500 

II 

5200 

0  4  130  1 

1351200 

II 

1771200 

0  4  150 

290200 

II 

244600 

0  4  170 

49500 

II 

85900 

II 

87600 

0  4  200 

16500 

II 

11900 

Coupon  maaber 

Coupon  typo 

Streak  range  MPa 

Cyclaa  to  failure 

35 

Non-voven  plain 

0  i 

350 

>246700 

8 

H 

•1 

n 

5S4IOO 

44 

It 

II 

0  1 

400 

200 

26 

H 

H 

it 

309600 

20 

It 

H 

0  * 

450 

49100 

SO 

II 

11 

II 

10900 

16 

II 

II 

0  l 

500 

3400 

30 

11 

11 

II 

12400 

12 

II 

« 

0  ± 

600 

400 

52 

Non-voven  holed 

0  i 

350 

1381500 

(th) 

22 

11 

II 

II 

1248700 

(th) 

46 

It 

11 

0  t 

400 

100 

(th) 

33 

11 

It 

II 

3989C'' 

(la) 

II 

11 

0  1 

450 

101600 

(th) 

42 

II 

II 

84700 

(th) 

14 

II 

11 

0  t 

500 

28900 

(te) 

28 

(t 

H 

11 

16900 

(th) 

6 

II 

•1 

0  t 

600 

500 

(th) 

48 

Woven  plain 

0  i 

350 

2248500 

35 

II 

H 

II 

317000 

44 

II 

II 

0  ♦ 

400 

198100 

26 

II 

It 

II 

82700 

8 

II 

II 

0  t 

450 

36700 

50 

l» 

II 

11 

45300 

16 

11 

It 

0  t 

500 

12600 

30 

II 

It 

II 

7900 

12 

II 

II 

0  ± 

600 

800 

24 

Woven 

holed 

0  i 

350 

44800 

(th) 

46 

11 

11 

II 

585100 

(th) 

1 

II 

It 

0  t 

400 

18*700 

(te) 

22 

II 

II 

11 

130300 

(th) 

33 

11 

II 

0  1 

450 

1300 

(th) 

II 

II 

11 

II 

40600 

(th) 

42 

11 

II 

0  ± 

500 

1500 

(th) 

14 

II 

II 

11 

800 

(th) 

28 

II 

II 

0  i 

550 

,  300 

(th) 

6 

11 

II 

0  1 

600 

5500 

(la) 

1*  ■  failure  at  lover  and  of  coupon,  th  ■  failure  through  the  hole, 
te  ■  failure  acroai  the  top  end  of  the  coupon. 
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Fig  2  S-N  pten  of  nro-tonion  frtigia  ttat»  for  layup  A  (0,90). 
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Fig  7  S-N  ptou  of  tensile  fatigue  data  for  layup  B  ( 1 45>.  Horizontal  arrows 
denote  run-outs 
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Fig  21 


Fig  21  S-N  plots  of  tensile  fatigue  data  for  layup  D  (0,90,'  451.  Optical 
arrows  denote  run  up  failures 


Fig  23  Optical  micrograph  of  a  woven  plain  coupon  with  layup  D  (0,90,  ±45) 
after  50000  eyelet,  tatted  in  tantile  fatigue  at  the 
ttreei  level  giving  a  mean  Ufa  of  100000  eyelet 
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Fl«  37  Optical  mlcrognpht  of  wovan  plain  eoupom  with  layup  A  (0,90)  taatad  In  ravanad 
axial  fatigua  at  tha  strati  (aval  gMngla  maw  Ufa  of  100000  cydts.  Top  laft  to 
bottom  right,  (micrographs  attar:  0  eydat,  1000  eyriat,  50000  cydas,  failurt 
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Fig  44  Ultrasonic  C -scans  of  a  non -woven  plain  coupon  with  layup  C  (±45,0,90)  tasted  in  reversed  axial  fatigue  it  the  st 
level  giving  a  mean  life  of  100000  cycles.  Left  to  right,  scans  after:  0  cycles  at  1  dB  steps,  10000  cycles  at  1  dB 
50000  eyries  at  1  dB  ileps,  100000  cy  cles  at  1  dB  steps,  150000  cycles  at  1  dB  steps,  failure 
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Fig  61  Infra-red  thermogram  of  a  woven  holed  coupon  with  layup  E  (±46,02)  tested  in  reverted 
axial  fatigue  at  ±400  MPa  after  4000  eyelet 
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